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New Zealand's fourteen deep water fiords possess complex physical hydrographic 
features and strong environmental gradients that may serve to isolate the marine 
organisms that occupy them. In order to investigate the population genetic structure of 
some of the marine fauna that occupy the fiords and to investigate the mechanisms that 
may contribute towards this pattern, we analysed two echinoderm species, the sea 
urchin Evechinus chloroticus and the sea star Coscinasterias muricata using neutral 
genetic markers. Two populations per fiord were genotyped for E. chloroticus across six 
microsatellite loci and one population per fiord of C. muricata was analysed using 366-
base pairs of mitochondrial DNA D-loop. For each species we compared fiord 
populations to several others collected from around New Zealand. 
At a macro-geographic scale, restricted gene flow between North and South Island was 
observed for both species. This was likely a result of the complex water circulation 
regimes around New Zealand. At a meso-geographic scale, significant population 
structure was found at short distances within fiords, among fiords and between fiords 
and open coast for both species. For E. chloroticus, two groups of populations were 
revealed: one group included samples from outer sites of the fiords, and the second 
group comprised samples from inner sites. Low genetic heterogeneity was observed 
within each of these groups. For C. muricata, population genetic differentiation 
presented a north to south cline amongst fiordic sites. 
In order to assess whether population differentiation has resulted primarily from 
restricted larval dispersal or from natural· selection and/or local adaptation, we 
correlated genetic variation of each species with physical and biological characteristics 
of the fiords. Several isolating mechanisms were identified, common or specific to each 
species. From our results, I suggest that, for both species, historical colonisation events 
and subsequent restriction of larval dispersal due to fiordic hydrography have caused 
significant genetic differentiation among populations. For E. chloroticus, the 
differentiation between the two groups, corresponding to two habitat types, was most 
likely the result of local adaptation due to strong gradients in a number of specific 
environmental variables between outer and inner sites of the fiords. For C. muricata, the 
pattern of population genetic structure among the fiords likely indicates a secondary 
contact between a northern population and a southern one, separated by a contact or 
mixing zone. In addition, isolation by distance has likely caused the genetic structure 
revealed among the northern fiord samples. 
Comparison of the two species have allowed me to better understand the interaction 
between physical and environmental factors as well as historical events and life history 
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Mechanisms for barriers to gene flow have been the most central subjects in 
evolutionary biology (Fig. 1 ). In terrestrial environments, where most of these 
investigations have taken place, genetic structure can be observed at small geographic 
scales and allopatric speciation (Dobzhansky 1951, Mayr 1942) appears to be the most 
frequent model of speciation (Palumbi 1994 ). This model predicts that new species arise 
from the isolation of populations by extrinsic barriers causing the cessation of gene flow 
between the isolated units. Genetic divergence due to a lack of gene flow builds up to 
form intrinsic barriers to reproduction so that even if extrinsic barriers were removed, 
populations (now species) would remain reproductively isolated. Indeed, the landscape 
presents many physical barriers to dispersal, population sizes are generally relatively 
small and most organisms have limited dispersal potential and low fecundity. 
! Ancestral species 1 
~-----"--- .J ...---- ~ 
F § 















Differentiation proceeds in 
adjacent contacting areas: 
PARAPATRY 
l 




in isolation through 
genetic drift and adaptation: 
ALLOPATRY 
Figure 1: Main paths to speciation: sympatric, parapatric and allopatric speciation (After Endler 1977). 
Barriers to gene flow in the marine environment are more difficult to discern (Briggs 
1974) and rarely absolute. Many marine organisms, including the sea urchin Evechinus 
chloroticus and the sea star Coscinasterias muricata, possess (i) larvae that can disperse 
long distances and may be produced by external fertilization, facilitating gene flow; 
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( ii) high fecundity and high population sizes slowing genetic drift within populations 
(Avise 1994) (Fig. 2). These characteristics are often associated with low levels of 
genetic differentiations over larger geographic scales (Palumbi 1992). Therefore, for 
many marine organisms, allopatric speciation events may be infrequent and slow (Mayr 
1954). 




Juveniles Recruitment Reproduction Gametes 
Settlement 
Dispersal phase 
High dispersal potential 
Planktotrophic echinopluteus larvae 
Figure 2: Simplified Evechinus chloroticus life cycle, representative of many marine organisms. (Photos 
Stephen Wing and Miles Lamare, University of Otago ). 
However, intra and inter specific diversity in the marine environment is high (Waples 
1987, Palumbi 1992). In contrast to the generally accepted idea that the marine 
environment is an open system, many marine organisms, such as benthic invertebrates, 
do not have a continuous distribution but present a network of populations connected by 
migrants (e.g. larval dispersal). For example, in the New Zealand fiords we examine an 
environment with very :fragmented patches of sea urchin or sea star populations. An 
increasing number of studies have identified mechanisms that might affect the potential 
of gene flow of marine organisms (Hedgecock 1986, Knowlton and Keller 1986, Watts 








spatial structure distribution of marine populations and to the special type of gene flow. 
In addition, while barriers to gene flow create genetic differentiation among marine 
populations over the long term (see section 2), genetic variability has also been 
observed at small temporal and spatial scales (see section 1). 
2 Temporal genetic structure 
2. 1 Chaotic genetic patchiness 
Slight but significant micro-geographic population structure has been observed despite 
high gene flow and has been described as "chaotic genetic patchiness" (Johnson and 
Black 1982, Johnson and Black 1984, Watts et al. 1990, Burnett et al. 1994, Hedgecock 
1994, Larson and Julian 1999). On a local scale, variability in dispersal, settlement and 
recruitment of planktonic larvae can create a transitory genetic patchiness within 
populations each generation. The genetic composition of the larval pool and recruits 
may differ temporally due to temporally varying selection (Johnson and Black 1984, 
Burnett et al. 1994, Larson and Julian 1999). Alternatively, the temporal genetic 
variance may be the observation of the sampling error engendered by variance in 
reproductive success (Hedgecock 1994) in time and space (varying source-sink structure 
in the populations). Indeed, in an ideal population, the number of gametes produced by 
individuals contributing to the next generation should follow a Poisson distribution 
where mean equals the variance of contribution of each individual (Crow and Kimura 
1970). The effective number of offspring per female in this population is expected to be 
two. However, most marine organisms possess a high fecundity and only a minority of 
individuals may actually contribute to the next generation. Production of gonads, 
spawning, fertilization, larval development, dispersion and recruitment may be 
modulated by environmental (e.g. dilution of gametes, timing of spawning, salinity, 
temperature, food supply, currents) or genetic (e.g. gamete competition, gamete 
quantity, quality, gamete incompatibility) factors. In this situation, the variance of 
contribution of individuals is potentially much higher than the mean, being far from the 
Poisson distribution (Hedgecock 1994, Chikhi 1995, Chikhi et al. 1998). Therefore, the 
variance of reproductive success might create temporal heterogeneity of the genetic 
composition of larval pools over generations. This is likely to apply to echinoderm 
- 5 -
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species where large temporal and spatial variance in reproductive output and 
recruitment has been often observed (e.g. the green sea urchin Strongylocentrotus 
droebachinesis, Wahle and Peckham 1999; the red sea urchin Strongylocentrotus 
franciscanus, Morgan et al. 2000; E. chloroticus, Brewin et al. 2000, Lamare and 
Barker 2001 ). Besides, as a result of the variance, the effective population size of 
marine organisms might be much smaller than the observed population size (Hedgecock 
1994, Li and Hedgecock 1998). However, since many marine organisms can have very 
high population sizes, effective population size can remain large. 
2.2 Demographic fluctuation 
Paleontological studies and present observations have demonstrated that populations of 
marine organisms are subjected to cycles of expansion and quasi-extinction (Simenstad 
et al. 1978, Cury 1988). Sea urchin populations show this pattern particularly strongly 
where mass mortality may often occur (Carpenter 1990, Levitan 1992). Natural marine 
populations might fluctuate in size due to unstable marine environments such as 
climatic fluctuations (e.g. historic glaciations, storms, rain), diseases, competition 
between species and settlement success (Vermeij 1978). Small population sizes and 
founder events can lead to rapid genetic changes due to genetic drift. 
Although micro-geographic genetic structure are observed in the marine environment, 
multiple invasions of a new habitat and gene flow exchange are likely for marine 
organisms with long distance dispersal and only ephemeral genetic difference is 
expected if no other mechanisms, such as selection, maintain the divergence observed 
temporarily (Palumbi 1994). 
3 Barriers to gene flow 
The role of barriers as a mechanism of partitioning genetic variation remains poorly 
understood. Throughout this section, I attempt to summarise the main processes by 
which high dispersal species may accumulate genetic differences by limiting gene flow 








3.1 Isolation by distance 
The isolation by distance model is based on assumptions of probability of dispersal 
distances from a diffusion model with no modification of dispersal from topographic 
and hydrographic features. Although planktonic larvae can be transported by the 
currents for long periods of time, successful transport over long distance may be rare 
due to increasing chance to encounter predators or unfavourable environments. Density 
of larvae decreases with increasing distance from the location of larval production 
(Palumbi 1994 ). Therefore, isolation by distance can cause genetic divergence even in 
species with high dispersal potential (Palumbi 1992). 
3.2 Physical barriers to dispersal 
Even if physical barriers to dispersal are difficult to observe, some biogeographic 
boundaries have been suggested as factors for population isolation. Planktonic larvae, as 
passive particles, are transported by water masses, thus the direction of their dispersal 
might be mostly driven by the currents (Wares et al. 2001). However, there appears to 
be growing evidence that water circulation might not wholly explain the patterns of 
genetic structure observed among contemporary marine populations (Benzie and 
Williams 1995, 1997, Palumbi et al. 1997, Benzie 1999). The concordance of 
biogeographic boundaries and genetic breaks is often more likely to derive from past 
more effective physical barriers maintained at present by rapid change in water 
characteristics (e.g. temperature, salinity) between two water masses rather than from a 
role as barrier to dispersal (Burton 1998). The actual distribution of populations often 
results in a recent contact of past isolated populations. Geological factors such as sea 
level changes during the Pleistocene contributed to the discontinuity of marine 
shorelines, leading to the accumulation of genetic differentiation, sometimes speciation 
(Palumbi 1996). This has been the focus of several studies in the Indo-Pacific region 
(Klinbunga 1996, Williams and Benzie 1998, Benzie 1999, Perrin and Borsa 2001). 
At present, effective physical barriers to gene flow do exist in the sea. For example, 
lands such as the closure of the Panama Isthmus (Knowlton et al. 1993, Lessios et al. 
1999) isolate populations by limiting their ability to exchange larvae. Strong barriers 
can also appear as the absence of suitable habitat for larvae to settle over large 
distances. Deep water basins are thought to constitute a great obstacle for dispersal of 
- 7 -
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marine benthic invertebrates (Vermeij 1978, Lessios et al. 1999). For temperate species, 
temperature of tropical water would prevent them to have a continuous distribution over 
the latitudes (e.g. antitropical distribution of the mussel Mytilus edulis, Hilbish et al. 
2000, Daguin 2000; the brittle star Amphipholis squamata, Sponer 2002; fishes, 
Burridge 2002; the dolphins Lagenorhynchus obliquidens and L. obscures, Hare et al. 
2002). 
3.3 Behavioural barriers to dispersal 
In addition to physical barriers, behaviour can lead to genetic isolation of populations 
despite high dispersal potential. Larvae of marine benthic organisms may have some 
control over their dispersal and settlement such as control of their buoyancy, 
locomotion, responses to environmental cues or oceanographic features ( see review for 
invertebrate larvae by Young 1995, Lamare and Barker 2001), potentially limiting the 
genetic mixing between populations (Burton and Feldman 1982, Palumbi 1994). 
3.4 Selection 
Several studies in marine organisms pointed out the additional impact of strong 
selection on gene flow (Koehn et al. 1980, Hilbish and Koehn 1985, Hedgecock 1986, 
Schmidt and Rand 2001 ). Mortality or decrease of individual fitness due to selective 
pressure at certain stages of the life history might be responsible for genetic 
differentiation. Selection often depends on environmental tolerance of larvae, juveniles 
and adults such as strong gradients in salinity, temperature and food supply. 
However, local adaptation depends on the balance of gene flow and the difference in 
selection between habitats or populations (Brown at al. 2001 ). Population differences 
under selection will accumulate if selection is greater than migration. Since planktonic 
larvae disperse widely, selection is only effective on single-generations. Therefore, for 
divergence to arise only from local adaptation, it implies the nearly complete mortality 









4 Reproductive isolation 
As a product of long term limited gene flow and/or selection (processes not yet well 
understood), reproductive isolation appears in different forms classified according to 
whether they act prior to mating or afterwards. 
~--
~ ing asynchronism_ 
-~, ... ~~..,,_ .... -....,~,,;,.~ 
Benthic adults 
Metamorphosis 
Juveniles Recruitment Reproduction Gametes 
Settlement 
Dispersal phase 
Planktotrophic echinopluteus larvae ....----...... 
Figure 3: A generalized life cycle of benthic invertebrates showing the potential components of 
reproductive isolation barriers. Pre-mating isolating barriers are in red and post-mating isolating barriers 
in blue. 
For benthic marine organisms, 
Pre-mating isolating barriers can be (Fig. 3): 





Mechanical isolation such as copulation is attempted but no transfer of sperm 
can take place, 
Gametic mortality. 
Post-mating isolating barriers can be: 




Hybrid sterility (partial or complete), 
Hybrid breakdown (First generation, Fl, hybrids are viable and fertile, but 
further hybrid generations, F2 and backcrosses, may be inviable or sterile). 
(Based on Mayr 1970). 
Reproductive isolation represents the crucial step in the origin of species. 
As a result of high larval dispersal in marine organisms, the process of genetic 
differentiation might often be very slow in the marine environment. However, the 
factors described in this section often co-occur, emphasizing the effects of genetic drift, 
selection and thus increasing the rapidity of appearance of genetic differences between 
populations. Genetic partitioning in the marine environment is thought to occur 
primarily through geographic and ecological limitations e.g. dispersal capability, niche 
paititioning, local adaptation (Hedgecock 1986, Palumbi 1994). 
5 Fiords as models of barriers to gene flow 
New Zealand's fourteen deep water fiords contain unique and fragile marine benthic 
communities. They posses an unusually high species diversity (Smith 1998, Smith and 
Witman 1999, Smith 2001) and a high proportion of endemic, rare and protected species 
(Grange et al. 1981, Grange 1986, Smith 1998). The fourteen fiords span over 200 km 
of the south-west coast of New-Zealand. Glaciers that carved the long (10-44 km) and 
narrow (0.7-2.3 km) trenches receded 15,000 to 8,000 years ago and the fiords flooded 
with seawater (Smith 2001 ). As rising sea levels overtopped entrance sills, the intrusion 





ages (Pickrill et al. 1992). The walls of the fiords are near vertical granite faces that 
extend subtidally to deep water basins ofup to 450 m depth. 
5. 1 Hydrological barrier to dispersal 
Rivers, glaciers and substantial rainfall (up to 7m per annum) create a high freshwater 
input into the fiords, resulting in a seawardly flowing surface low salinity layer (LSL) of 
up to 12 m thick. The LSL flows seaward and entraps salt from the seawater layer 
below, causing a salt imbalance between the fiord and outer coast. This imbalance 
causes sea water to flow inwards, underneath the LSL. The resulting up-fiord flow in 
the underlying sea water would tend to retain larvae into the fiords (Lamare 1998, Wing 
et al. 2003). In contrast, during strong wind events the flow may be in the down-fiord 
direction and larvae will be transported seaward and possibly lost from the fiord. 
However, these events will also induce a vertical mixing, increasing mortality of larvae 
as low salinity water will be mixed down in the water column. For organisms with long 
larval phase, larvae will experience several strong wind events during their 
development; however the mean circulation over this period will be estuarine. In 
addition, sills of various heights (rising up to 25 m below the surface) at the mouth of 
the fiords influence the pattern of estuarine circulation. They restrict seaward movement 
and therefore may affect genetic exchange between fiords and open sea. 
5.2 Environmental barriers to gene flow 
New Zealand's fiords contain strong environmental gradients that influence dramatic 
shifts in the marine communities inhabiting different regions. The outer sites are 
dominated by macroalgal communities and are subjected to an open coastal advective 
environment influenced by strong westerly and southwesterly storms, tidal mixing and 
coastally trapped waves. The inner sites of the fiords are sheltered. The reduced 
illumination in the shallow subtidal environments due to the LSL may limit macroalgal 
growth inside the fiords (S. Miller unpublished data). The assemblage of kelps, found in 
the outer sites of the fiords, does not extend deep into the fiords where below the LSL, 
the dominant macroalgae become Codium spp. and crustose corallines. The LSL 
restricts the upper distribution of stenohaline species (Witman and Grange 1998) and 
immediately inside the fiords, the marine community shifts to become invertebrate 
dominant (Grange et al. 1981). 
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Due to their physical and environmental characteristics, the fiords provide us with an 
opportunity to assess the importance of physical barriers and local adaptation on genetic 
differentiation in marine organisms. Indeed, the 14 fiords allow us to compare replicate 
natural populations exposed to similar selective pressures, but which differ singularly in 
the effectiveness of putative barriers to larval dispersal. 
6 The sea urchin Evechinus chloroticus and the sea 
' 
star Coscinasterias muricata 
In order to test the potential of the fiords as barriers to gene flow, I used two 
echinoderm species which have high dispersal potential but contrasting life history. 
The sea urchin Evechinus chloroticus (Echinodermata, Echinoidea) and the sea star 
Coscinasterias muricata (Echinodermata, Asteroidea) are present in all 14 fiords and 
around New Zealand. 
6. 1 Evechinus chloroticus 
The sea urchin E. chloroticus is endemic to New Zealand and is present in the shallow 
subtidal waters with peak abundance above 10 m but occasionally extending deeper up 
to 50 m (Dix 1970, Choat and Shiel 1982). Reproduction cycle occurs during summer 
(from November to March) when E. chloroticus produces typical planktotrophic 
echinopluteus larvae with a pelagic existence of 1-2 months (Dix 1969, Walker 1984). 
Therefore we expected this species to have a high dispersal potential with little 
population genetic structure over a scale of hundreds of kilometres. This hypothesis was 
supported by an allozyme analysis of E. chloroticus which exhibits low genetic 
differentiation between coastal populations around New Zealand. However, significant 
genetic distances were observed between a fiord population and coastal populations 
(Mladenov et al. 1997), suggesting that dispersal is restricted in and out of the fiords. 
Because E. chloroticus larvae are long-lived and planktotrophic, dispersal is thought to 
be affected by the strength of the estuarine circulation in the fiords. 
Alternatively, local adaptation may play a key role in population differentiation of E. 
chloroticus. In the inner sites of the fiords, the low salinity and the restrictions on 
grazing and algal productivity result in low food availability and poor nutritional quality 







several stages of the life history and might maintain genetic differentiation between 
inner fiord and open coast populations. 
6.2 Coscinasterias muricata 
Whereas E. chloroticus is endemic to New Zealand, C. muricata is widely distributed in 
the Indo-Pacific region. C. muricata is a common element of New Zealand's coastal 
fauna and is present in all 14 of its fiords. C. muricata produces propagated brachiolaria 
larvae that live for about one month under laboratory conditions (Barker 1978). 
Spawning occurs during summer time (from November to March, Crump and Barker 
1985). Further, C. muricata can propagate asexually through fission (Crump and Barker 
1985, Johnson and Threlfall 1987). However, not all populations show signs of fission, 
and no evidence of asexual reproduction has been observed in the fiords (Skold et al. 
2002). 
A study of allozyme diversity of C. muricata revealed moderate genetic divergence 
among coastal samples around New Zealand suggesting that this species has a high 
larval dispersal potential (Skold et al. 2003). However, C. muricata appears to be more 
highly differentiated than E. chloroticus at this same spatial scale. Differentiation was 
observed among fiords and outer coast sites suggesting that the fiords might restrict 
gene flow also for C. muricata (Skold et al. 2003). As for E. chloroticus, dispersal of C. 
muricata is thought to be affected by the strength of the estuarine circulation in the 
fiords. 
In contrast to the grazing E. chloroticus, C. muricata is an important predator, 
especially in the subtidal communities of the fiords (Witman and Grange 1998). The 
diet of C. muricata consists of invertebrates, such as blue mussels (Mytilus 
galloprovincialis) that are found in abundance inside the fiords. Abundance levels of C. 
muricata strongly follow the community shift in the fiords so that its abundance 
declines markedly towards the entrance of the fiords (Skold and Wing pers. comm.), 
being rarely observed on heavily wave exposed sites in the outer parts of the fiords 
(Skold et al. 2002). This pattern is the reverse of the sea urchin E. chloroticus, which 
shows declining abundance towards the head of each fiords. In contrast with E. 
chloroticus, the fiord environment presents no restriction in food supply for C. 
- 13 -
I-General introduction 
muricata. However, as for E. chloroticus, low salinity tolerance inside the fiords might 
be a source of selection for the sea star. 
7 Genetic markers 
Genetic markers are powerful tools for quantifying the genetic differentiation within 
and between populations (A vise 1994, Palumbi 1996). Previous studies of population 
genetics in the fiords used allozyme markers (Miller 1997, Mladenov et al. 1997, 
Ostrow et al. 2001, Skold et al. 2003). Neutral microsatellite and mitochondrial DNA 
D-loop markers were used for the study of the sea urchin E. chloroticus and the sea star 
C. muricata respectively, in order to resolve finer spatial scale genetic differentiation 
among populations than can be accomplished with allozyme markers. 
7. 1 Nuclear microsatellite markers 
Microsatellite loci consist of reiterated short sequences (di-, tri- or tetra-nucleotides) 
tandemly arrayed, with variation in repeat copy number. They a~e abundant and widely 
dispersed in eukaryote nuclear genomes, allowing the investigation of many regions of 
the genome (Bruford and Wayne 1993). They present generally high allelic Mendelian 
polymorphism with high mutation rate (10-5 to 10-2 per generation) and are assumed to 
be neutral as mutational constraints in their repeats appear relaxed. Due to their high 
level of polymorphism, microsatellite loci are highly efficient in detection of genetic 
population differentiation and in characterisation of gene flow. They are thought to 
detect finer scale genetic differentiation among populations than allozyme markers 
(Estoup et al. 1996, Jame and Lagoda 1996). However, the assumptions of neutrality 
and high resolution of population structure of microsatellite markers may be premature. 
Indeed, their high within-population heterozygosity can also reduce Fsr estimates and 
make genetic divergence more difficult to detect (Hedrick 1999). Their high variability 
induces a risk of homoplasy which can bias the observed diversity. Yet, a review by 
Estoup et al. (2002) concludes that homoplasy does not represent a significant problem 
for most applications of population genetic analyses. In addition, though DNA 
microsatellites are neither expressed nor known to have any function, their frequencies 
in populations may be subject to demographic changes or selection on other parts of the 






2002). Rockman et al. (2002) suggest that microsatellite length may itself be under 
stabilizing selection and extreme mutational events are known to cause genetic 
abnormalities (Valdes et al. 1993). 
Their isolation is generally enormously time consuming. During this study, I developed 
an alternative, fast (3 days) and non radioactive method of cloning microsatellite 
markers from the sea urchin E. chloroticus (Perrin and Roy 2000). Several 
microsatellite markers were isolated for E. chloroticus and six loci were analysed 
(Appendix III). The development of microsatellite markers was not attempted for C. 
muricata because the study duration of this species was restricted and the design of 
primers and search of polymorphic microsatellite markers would have been too long. 
7.2 Mitochondrial DNA markers 
Due to its characteristics, mitochondrial DNA is an important marker for population 
biology studies (Maynard Smith 1998). Its transmission, generally only maternal, allows 
relating the female genealogy within species or between populations (Boursot and 
Bonhomme 1986) and, in contrast to nuclear genes, its phylogeny is not biased by 
recombination events (yet, this has been questioned e.g. Strauss 1999). Its haploid and 
maternal inheritance implies that the population effective size will be smaller than for 
nuclear genes (in theory, four times less for equilibrated sex ratio), making it more 
sensitive to genetic drift (Ferguson et al. 1995), founder events and bottlenecks (Moritz 
et al. 1987, Ovenden 1990, Maynard Smith 1998). Nevertheless, it is worth noticing 
that studies have shown that some bivalves (in particular the families Mytilidae and 
Unionidae, Hoeh et al. 1996, Zouros 2000) contain two distinct gender-associated 
mitotypes. The two molecules have separate transmission route, one through the female 
and the other through the male, a phenomenon named Doubly Uniparental Inheritance 
(DUI). DUI has not been observed in echinoderm species. The evolution of 
mitochondrial DNA can be 2 to 10 times faster than of nuclear genes ( depending on 
organisms and fragments of mitochondrial DNA observed), allowing us to detect recent 
genetic divergence between closely related populations (A vise et al. 1987, Meyer 1993). 
Mitochondrial DNA presents abundant intraspecies polymorphism (Avise et al. 1987) 
and thereby constitutes an appropriate marker for phylogeographic studies. It has 




genetics and ecology. Moreover, existence of universal primers makes its study easier 
and rapid. 
Genetic variation of the sea star C. muricata in the fiords was analysed using Single 
Stranded Conformation Polymorphism (SSCP) and sequencing of the fast evolving 
mtDNA D-loop region. A mitochondrial DNA marker for E. chloroticus was expected 
to be analysed in order to complete the microsatellite analysis by assessing the impact 
of phylogeography and population history on the genetic partitioning in the fiords. This 
would have also allowed me to compare the genetic structure of the two species with the 
same genetic markers. This proved to be impossible to achieve during my thesis; the D-
loop region of E. chloroticus appeared to be very small (about 100 bp) and no or 
extremely low genetic variation (haplotype frequency and sequence) was observed over 
several regions of the mitochondrial DNA (D-loop, Cytochrome oxidase I and 
Cytochrome b, total 1006 bp, Cecile Perrin unpublished data). For the D-loop region, 7 
individuals of E. chloroticus from the fiords and around New Zealand were sequenced 
and only 1 substitution was observed over 168 bp containing the control region. For the 
Cytochrome oxidase I (Col) region, 7 individuals from the fiords and around New 
Zealand were sequenced and only 1 substitution was observed over 603 bp. In addition, 
SSCP analysis of a 360 bp region of the Col was performed for 60 individuals from 4 
samples from the fiords and around New Zealand. Five haplotypes were detected, but 
one was very common in all samples (frequency of 93%), the genetic diversity was 
estimated from 0.13 to 0.25 per sample and no pairwise genetic difference between 
samples was observed (Fsr values, Weir and Cockerham 1984, from -0.071 to -0.0216). 
After sequencing the 5 haplotypes detected by SSCP, 4 single point substitutions were 
observed over the 360 bp analysed. For the Cytochrome b region, 17 individuals from 
the fiords and around New Zealand were sequenced and only 1 substitution was 
observed over 235 hp. In total, only 6 substitutions were observed over 1006 hp of E. 
chloroticus mitochondrial DNA and the search for a mitochondrial DNA marker for E. 
chloroticus was abandoned. 
8 Objectives 
The general aim of this thesis is to assess the importance of physical and environmental 









around New Zealand) and at a meso (tens to hundreds of kilometres among the fiords) 
geographic scale, on two echinoderm species with high dispersal potential, the sea 
urchin E. chloroticus and the sea star C. muricata. Furthermore, the results may also 
influence fiord conservation and management planning. E. chloroticus, also called kina, 
have been subjected to commercial fishery to supply the Japanese market. Populations 
of E. chloroticus in most of the New Zealand fiords have not been exploited. A small 
scale commercial fishery in Dusky Sound was set up but this venture failed after one 
season (Wing et al. 2001). However, interest continues for large sea urchin fisheries in 
the fiords. For this reason, defmitions of management units or stocks as defined in 
Moritz (1994, ''populations with significant divergence of allele frequencies at nuclear 
or mitochondrial loci, regardless of the phylogenetic distinctiveness of the alleles"), are 
important in order to contribute to a successful fishery management. Besides, the results 
of this thesis for both E. chloroticus and C. muricata may also have significant 
consequences for fiord conservation planning. 
9 Outlines 
Genetic partitioning of E. chloroticus populations was first examined at a macro-
geographic scale. Chapter II constitutes a preliminary analysis of the effects of the 
complex water circulation around New Zealand on E. chloroticus dispersal using six 
polymorphic microsatellite loci. At a meso-geographic scale, New Zealand fiords were 
chosen to study the processes of genetic partitioning among populations in the marine 
environment as a consequence of their drastic change in hydrological and environmental 
characteristics in comparison to the open coast. Chapter ill assesses the effects of 
historical, physical and environmental characteristics of the fiords on the dispersal 
potential of E. chloroticus by comparing the degree of genetic differentiation among 
populations to: (i) the age of the fiords as a proxy for time of the first colonisation of the 
fiords, and (ii) the strength of the estuarine circulation in the fiords in order to assess the 
effect of fiord hydrography on dispersal potential and (iii) the location of the samples 
along the fiords (inner or outer sites) in order to ascertain the effect of differences in 
habitat. In Chapter IV, correlations of genetic composition of each sample to specific 
physical characteristics of the fiord sites is estimated in order to investigate the 
possibility of selective pressures. In order to understand how patterns of gene flow arise 
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and are maintained among E. chloroticus populations, the nature, consequences and 
strength of putative selection regimes are discussed. 
In Chapter V, the effects of the fiords as barriers to gene flow are then investigated for 
the sea star C. muricata using a mitochondrial D-loop marker. The possibility of local 
adaptation was not approached in this study since our samples, collected only in the 
inner sites of the fiords, were likely to be exposed to similar selective pressures. Indeed, 
the marker used in this analysis was appropriate to questions of a more historical nature. 
Throughout this thesis, several mechanisms of restriction of gene flow are identified, 
common or specific to each species. Comparison of the two species, in Chapter VI, 
allows us to better understand the interaction between physical and environmental 
factors as well as historical events and life history on genetic structure of species with 
high dispersal potential in the marine environment. 
This thesis aims to contribute to our understanding of evolutionary processes leading to 
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II-Genetic differentiation of the sea urchin Evec/1inus cltloroticus around New Zealand 
1 Introduction 
For many benthic marine organisms, geographic distribution is mediated by the 
dispersal potential of their larvae and the closure of their life cycle. In general, marine 
species with long larval phases are thought to disperse further, have more gene flow, 
larger geographic ranges, lower levels of genetic differentiation among populations, and 
higher levels of genetic variation within populations ( e.g. Palumbi and Wilson 1990, 
McMillan et al. 1992, Palumbi 1995). However, dispersal and recruitment of the larvae 
can be affected by physical barriers acting on larval transport and/or environmental 
factors that make habitat unsuitable for settlement, viability and reproduction 
(Hedgecock 1986, Scheltema 1986, Bowen and A vise 1990, Palumbi 1994, Burton 
1998). Oceanographic features are one of the processes by which gene flow might be 
limited. Although currents might create a high connectivity over large geographical 
scale, dispersion of passive pelagic larvae and their recruitment might be limited by 
retroflections of fronts and water masses that can affect the movement of passive larvae, 
or by temperature gradients that can affect survival (Hedgecock 1986, Scheltema 1986, 
Palumbi 1994, Wares et al. 2001). Unfortunately, temperature gradients and currents 
often co-occur and it is difficult to distinguish between them. 
The complexity of the water circulation, associated with rapid changes in temperature 
and salinity, around New Zealand provides us with a good opportunity to examine how 
currents might affect dispersal. New Zealand has a complex but well defined oceanic 
circulation around North and South Islands (Heath 1985). Two main surface water 
masses, the Subtropical and Sub-Antarctic surface waters, are present around New 
Zealand. The Subtropical waters are characterised by high salinity and temperature. In 
contrast, the Sub-Antarctic waters are characterised by low salinity and temperature. 
These two water masses meet at the Subtropical Convergence creating a rapid spatial 
change in water properties (salinity, temperature) (Fig. 1). Along with the converging 
water masses, oceanographic patterns around New Zealand also are affected by a 
number of currents (Fig. 1). North Island is surrounded by three main currents. The 
West Auckland Current flows northward on the west coast of North Island, followed by 
the East Auckland Current which moves south-eastward from North Cape to East Cape. 
The East Cape Current moves southward near the edge of the east coast of North Island 
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and turns off in an easterly direction towards the Chatham Islands. South Island is under 
the influence of the Southland Current and Westland Current. The Southland Current 
takes Sub-Antarctic waters along the southwest coast of South Island, around the 
southern tip and then northward. One component of this current turns offshore near 
Kaikoura, and the other can extend as far north as 40°S close inshore in North Island. 
The Westland Current moves northward along the west coast of South Island. Due to 
the retroflection of the currents, dispersal of marine organisms between North and South 
Islands may be limited. 
The sea urchin Evechinus chloroticus (Echinodermata, Echinoidea) is endemic to New 
Zealand. Its distribution includes North and South Islands, Stewart Island, the Snares, 
Chatham Island and Three Kings Islands (Pawson 1965, Dix 1970). They are generally 
found subtidally in shallow waters, mainly above 10 m. They possess an annual 
reproductive cycle and produce typical planktotrophic echinopluteus larvae with a 
pelagic existence of 1-2 months (Dix 1969, Walker 1984). Because adults are benthic 
grazers, dispersal is limited to planktonic drifting and weak swimming of the E. 
chloroticus larvae. As E. chloroticus larvae are transported for long periods of time in 
the water column, we expected the genetic structure of this species to be affected by the 
water circulation around New Zealand. A preliminary analysis using allozymes 
suggested the genetic homogeneity among five widely separated samples around New 
Zealand (Mladenov et al. 1997). However, this analysis found evidence that a sixth 
population, sampled within one fiord (Doubtful Sound), was weakly genetically 
differentiated from other New Zealand samples. 
In order to have a more comprehensive understanding of the genetic structure of E. 
chloroticus around New Zealand, we used six nuclear microsatellite markers to compare 
the genetic similarity of eight sampling sites around New Zealand. The fast evolution 
rate of microsatellite loci should allow the detection of finer scale genetic differentiation 
among populations than allozyme markers. Yet, microsatellite high polymorphism can 
also limit the detection of genetic divergence among populations (Hedrick 1999), and 
allozyme and microsatellite analyses will therefore be complementary. The effect of the 
currents on larval dispersal of E. chloroticus was investigated by comparing the 
partition of genetic variation of this species to the water circulation pattern around New 
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the distribution of E. chloroticus around New Zealand should be large enough for 
isolation by distance to play a role in the genetic structure of the sea urchin species. In 
this context, isolation by distance was considered as a null hypothesis. 
Furthermore, because E. chloroticus is subjected to commercial fishery around New 
Zealand, the extent of gene flow was assessed in order to identify potential discrete 
management units around New Zealand. Detailed genetic partitioning analyses of E. 
chloroticus around New Zealand would help determine whether a single management 
regime for the fishery is suitable for the whole of New Zealand with the exception of the 
Fiordland region (as suggested by Mladenov et al. 1997) or whether management 
should apply to several discrete stock units. 
2 Materials and Methods 
2. 1 Sample collection 
Individuals of E. chloroticus in the fiords were collected by SCUBA diving during one 
research cruise on the New Zealand Department of Conservation's M/V Renown in 
November 1999. Two samples were collected in the North Island of New Zealand (19-
0M, 20-AHI) by snorkelling in shallow water (0-3 m) in November 2000 and one 
population in the West Coast of the South Island (16-SB) in March 2002. Samples from 
Stewart Island (17-STI) and Otago (18-0T) were collected by SCUBA diving in August 
2000 and December 2001 respectively (Fig. 1 and Table 1 ). A total of 295 individuals 
with about 40 individuals per samples were analysed. 
Table 1: Stud~ sites within the fiords and around New Zealand. 
Samples Location North/South Island Sample size Date 
1-MIL Milford Sound South Island, Fiordland 40 1999 
9-DBT Doubtful Sound South Island, Fiordland 39 1999 
15-LG Long Sound South Island, Fiordland 39 1999 
16-SB Smoothwater Bay South Island, West Coast 43 2002 
17-STI Stewart Island Stewart Island 34 2000 
18-0T Otago South Island, East Coast 38 2001 
19-0M Bay of Plenty, Omaio North Island, East Coast 30 2000 
20-Alll Tasman sea, Ahi_l)_ara North Island, East Coast 32 2000 
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Figure 1: Evechinus chloroticus. Location of the study sites around New Zealand numbered as in Table 1. 
Major currents and average direction of flow off the coast of New Zealand. WAC: West Auckland 
Current; EAC: East Auckland Current; ECC: East Coast Current; SC: Southland Current; WC: Westland 
Current; DC: Durville Current. TC: Tasman Current. 
Due to the difficulty of sampling along a large geographical scale, samples were 
collected across different years. This might induce a temporal source of variation. 
Nevertheless, adults of different size were collected in order to represent, if possible, 
more than one recruitment event. Moreover, juveniles sea urchin (test diameter< 4 cm) 
collected from the sites I-MIL and 9-DBT in December 2000 were genetically similar 
to adults populations sampled in November 1999 (C. Perrin unpublished data). No 
genetic differentiation was observed when samples were segregated into size classes 
(tests for some fiord samples, C. Perrin unpublished data). In this work, samples were 
assumed to be genetically stable through time, and temporal variation was expected to 
be compensated to some extent by the geographic scope of the study. Yet, the 
possibility of confounding spatial and temporal source of variation can not be rejected. 
2.2 DNA extraction 
Tissue samples from spine base or muscle from the Aristotle's lantern were preserved in 
a saline solution made of 20% dimethyl sulfoxyde, 0.25 M EDTA, saturated with NaCl, 
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collected: CTAB, Chelex or Salt extraction. Protocols are described in Appendix II. 
2.3 Microsatellite markers 
Genetic structure of E. chloroticus in the fiords was analysed using six nuclear 
microsatellite loci. Five of the microsatellite loci (C29, Cl, B14, G29 and A34) were 
published in Perrin and Roy (2000) and submitted to GENBANK (Appendix III). The 
sixth locus AAT42 is presented in Appendix III. PCR amplifications of sample DNA 
were performed as described in Appendix III. 
2.4 Gene diversity 
Genetic variation of populations of E. chloroticus was measured as the observed and 
expected unbiased heterozygosities under the assumption of Hardy-Weinberg 
equilibrium (H0 and AH respectively) (Appendix IV). Genetic diversity was also 
estimated using the multilocus mean number of alleles per population (A). 
Heterozygosity and mean allele number values were calculated using the program 
VARIABILITE in the software GENETIX (version 4.02, Belkhir et al. 2001). 
2.5 Hardy-Weinberg disequilibria 
Pairwise associations between genomes (F1s, Hardy-Weinberg disequilibrium) were 
estimated by f (Weir and Cockerham 1984) and their significances tested by a 
permutation test (1000 permutations of alleles within each sample) using the program 
GENETIX (Belkhir et al. 2001) (Appendix V). The observed values were significantly 
different from zero when the probability, p = (n+ 1)/(N+ 1) (where n is the number of 
pseudo-values greater or equal to the observed value and N, the number of permutations 
(Sokal and Rohlf 1996)) is smaller than 5%. As a large number of tests were run 
simultaneously, a sequential Bonferroni correction was performed (Rice 1989) on 
a=5%. 
2. 6 Genetic structure among samples 
Degree of genetic divergence of samples of E. chloroticus around New Zealand was 
determined by estimation of pairwise Wright's Fsr -values (Wright 1969) for multi-
allelic data using the 8 parameter of Weir and Cockerham (1984) (Appendix V). 8 -
values were estimated and tested by permutations (1000 permutations of individuals in 
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the total sample) using the program FSTATS in the software GENETIX (Belkhir et al. 
2001). The observed value was significantly different from zero when the probability p 
= (n+ 1 )/(_N+ 1 ), where n is the number of pseudo-values greater or equal to the observed 
value and N, the number of permutations (Sokal and Rohlf 1996), is smaller than 5%. 
As a large number of tests were run simultaneously, a sequential Bonferroni correction 
was performed (Rice, 1989) on a =5%. Applying sequential Bonferroni correction to 
large numbers of pairwise comparisons frequently causes p-values lower than 0.001 to 
become non-significant. It has been stated that the Bonferroni method is highly 
conservative for cases in which more than five comparisons are being made (Sachs 
1980). Consequently, both values significant before sequential Bonferroni correction 
and that remained significant after sequential Bonferroni are indicated in all tables. 
Genetic structure of the samples was visualized by non-metric multidimensional scaling 
(MDS, Appendix VII) performed by the program (PRIMER v5, Clarke et al. 2001), 
using the pairwise matrix ofNei's standard genetic distance (Nei 1972, 1987) among E. 
chloroticus sampling sites (program GENDIST in PHYLIP, Felsenstein 1993). A 
Maximum Likelihood analysis (ML) (Appendix VI) was performed on allele 
frequencies using the program CONTML in PHYLIP (Felsenstein 1993). The best 
fitting tree was proposed using the program CONSENSE in PHYLIP. The tree was 
drawn using TREEVIEW (Page 1996) and superimposed on the MDS plot. Robustness 
of the nodes of the tree was testing using the bootstrap method (100 bootstraps, 
Felsenstein 1985). 
2. 7 Isolation by distance 
If gene flow is not restricted by water circulation around New Zealand, at the large 
geographic scale that represents the New Zealand coastline, isolation by distance might 
be the process of genetic differentiation of E. chloroticus populations. This hypothesis 
was tested and can be used as the null hypothesis. At a smaller geographic scale, 
isolation by distance as a model of genetic differentiation among samples located on the 
same water mass or regions connected by currents was investigated. Isolation by 
distance was assessed using a non parametric test of correlation between Nei's standard 
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Manly 1985, Sokal and Rohlf 1996) using the procedure MANTEL in the software 
GENETIX (version 4.02, Belkhir et al. 2001). 
3 Results 
3.1 Gene diversity 
All six microsatellite loci were highly polymorphic (Table 2). Levels of genetic 
diversity were relatively high in all samples. The mean number of alleles per locus per 
sample ranged from 8 (1-MIL, 16-SB) to 10.2 (19-0M). Within samples, observed 
multilocus heterozygosity (H0 ) ranged from 0.60 (16-SB) to 0.72 (1-MIL), with 
comparable average estimates in fiord and coastal samples (Table 2). 
In the total sample, loci C29, B14, G29 and A34 showed significant heterozygote deficit 
(p < 0.05, data not shown), yet only locus B14 did have a consistent heterozygote deficit 
in all populations (Table 2). 
3.2 Hardy-Weinberg disequilibria 
Some high to very high and significant deviation from Hardy-Weinberg equilibrium 
were observed for loci C29, A34 and B14 at different samples: 19-0M and 20-AHI for 
locus C29, 9-DBT, 16-SB and 17-STI for locus B14 and 16-SB, 17-STI and 18-0T for 
locus A34 (Table 3). However, over all loci, only two samples showed a significant 
deficit ofheterozygotes (16-SB, 20-AHI). 
Table 3: Genotypic structure in Evechinus chloroticus samples around New Zealand. f associations 
between genomes (Hardy-Weinberg disequilibria). p = (n+l)/(N+l), where n is the number of pseudo-
values greater or equal to the observed value processed by 1000 permutations and N, the number of 
permutations (Sokal and Rohlf 1996). * p < 0.05, ** p < 0.01, *** p < 0.001. In bold, significant value 
after Bonferroni correction on a= 5% ~Rice 1989!. 
f 1-MIL 9-DBT 15-LG 16-SB 17-STI 18-0T 19-0M 20-AHI 
C29 -0.14 0.04 -0.06 0.15* -0.15 0.11 0.22** 0.33*** 
Cl -0.03 0.05 0.08* -0.04 -0.06 0.00 -0.07 0.03 
B14 0.13 0.49*** 0.04 0.48*** 0.55*** 0.17 0.18* 0.25* 
G29 0.07 0.00 0.01 -0.10 -0.02 -0.10 0.10 -0.03 
A34 0.07 0.01 0.07 0.24*** 0.17*** 0.19*** -0.04 -0.03 
AAT42 -0.04 -0.24 0.03 0.04 0.01 -0.04 0.06 0.22* 
Multilocus 0.01 0.03 0.03 0.10*** 0.04 0.06 0.06* 0.11*** 
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Table 2: Microsatellite diversity within and across Evechinus chloroticus samples around New Zealand. Ho, 'Hare observed and expected unbiased heterozygosities, respectively. A 
is the mean multilocus number of alleles per locus and the absolute number of alleles per locus. n is the sample size. Heterozygosities and mean multilocus number of alleles per 
locus (A) were calculated using GENETIX 4.1 (Belkhir et al. 2001 ). 




A Ho "H A Ho "JI A Ho "H A Ho "H A Ho "H A Ho "H A Ho "H Samples n 
TOTAL 295 I 13.o 0.66 0.70 12 0.70 0.75 26 0.93 0.94 8 0.27 0.37 11 0.70 0.74 i 16 0.80 0.88 5 0.54 0.55 
1-MIL 40 8.0 0.72 0.72 6 0.88 0.77 16 0.95 0.93 4 0.35 0.40 7 0.70 0.76 12 0.83 0.89 3 0.61 0.58 
9-DBT 39 9.0 0.67 0.69 8 0.72 0.74 20 0.89 0.94 5 0.18 0.35 7 0.74 0.74 11 0.87 0.87 3 0.62 0.50 
15-LG 39 8.8 0.66 0.68 6 0.84 0.79 20 0.86 0.94 3 0.26 0.27 7 0.69 0.70 12 0.79 0.84 5 0.54 0.56 
16-SB 43 8.0 0.60 0.67 6 0.58 0.68 20 0.98 0.94 3 0.21 0.41 7 0.67 0.60 10 0.67 0.88 2 0.49 0.51 
17-STI 34 8.2 0.65 0.68 6 0.82 0.72 22 0.97 0.92 3 0.15 0.33 6 0.70 0.69 10 0.74 0.89 2 0.50 0.51 
18-0T 38 8.3 0.64 0.68 6 0.66 0.74 19 0.92 0.93 2 0.31 0.37 8 0.71 0.65 12 0.70 0.87 3 0.54 0.52 
19-0M 30 10.2 0.70 0.74 8 0.60 0.77 18 1.00 0.94 7 0.37 0.44 9 0.72 0.80 14 0.93 0.90 5 0.57 0.60 
20-AHI 32 8.8 0.63 0.71 7 0.50 0.74 19 0.91 0.93 4 0.32 0.43 7 0.72 0.70 12 0.88 0.85 4 0.47 0.60 
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3.3 Genetic structure around New Zealand 
Genetic divergence among New Zealand's samples was investigated using a pairwise 8-
values matrix between samples tested by permutation (Table 4). 
Before sequential Bonferroni correction, estimated 8-values between samples from the 
North Island (19-0M, 20-AHI) and samples from South Island (1-, 9-, 15-, 16-, 17-, 18-
) were all significantly different from zero. Samples from the North Island were not 
significantly different despite the geographic distance separating them (about 1000 km). 
In South Island, no genetic difference was observed between 16-SB and 18-0T. These 
samples were significantly divergent from the fiords (except 9-DBT) and 17-STI. 
Pairwise 8-values showed a high heterogeneity among fiord samples. Fiord samples 
were differentiated from the North and South Island samples (significant before 
sequential Bonferroni correction), with the exception of the lack of significant 
differentiation between 15-LG and 17-STI, and between 9-DBT and 18-0T. However, 
15-LG was the most divergent sample in this study. Genetic divergence between 17-STI 
and South and North Island open coast samples suggests that samples from the South 
Island, separated by only hundreds of kilometers of coastline, were as genetically 
divergent from each other as from the North Island samples, distant by 1200 to 2200 
km. After sequential Bonferroni correction, 15-LG and 20-AHI were the only samples 
remaining significantly divergent. 15-LG was different from the rest of New Zealand 
except I-MIL and 17-STI. 20-AHI was divergent from the fiord samples only. 
Table 4: 8-values (Weir and Cockerham 1984) between samples around New Zealand. p = (n+l)/(N+l), 
where n is the number of pseudo-values greater or equal to the observed value processed by 1000 
permutations and N, the number of permutations (Sokal and Rohlf 1996). Lower matrix, ***: significant 
p-value after Bonferroni correction for a= 0.05 (Rice 1989). * p<0.05, ** p<0.01, *** p<0.001. In bold, 
si~nificant 8 estimations for a= 0.05. 
8 1-MIL 9-DBT 15-LG 16-SB 17-STI 18-0T 19-0M 20-Alll 
1-MIL - 0.003 0.006 0.018 0.008 0.019 0.014 0.032 
9-DBT - 0.019 0.010 0.016 0.004 0.011 0.035 
15-LG *** - 0.037 0.008 0.033 0.029 0.039 
16-SB *** - 0.012 -0.001 0.010 0.015 
17-STI - 0.017 0.014 0.017 
18-0T *** - 0.010 0.018 
19-0M *** - 0.004 
20-Alll *** *** *** 
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Figure 2: Evechinus chloroticus. Multi-dimensional scaling (MDS) of the Nei distance matrix (Nei 1972, 1987) between pairs of samples and its associated stress value (PRIMER 
v5, Clarke and Gorley 2001). Superimposed is the unrooted Maximum Likelihood tree, showing the relationships between samples around New Zealand. Numbers at a node are 
scores out of 100 bootstraps. 
- 30 -
(; 
II-Genetic differentiation of the sea urchin Evechinus chloroticus around New Zealand 
Genetic relationships between samples were visualised using a two-dimensional MDS 
(Multi-Dimensional Scaling) of the Nei's standard unbiased genetic distance (Nei 1972, 
1987) matrix among samples. A Maximum Likelihood (ML) tree and the robustness of 
its topology were superimposed on the MDS plot (Fig. 2). The pairwise genetic 
divergences between samples, the resulting MDS plot (stress 0.04) and the topology and 
robustness of the nodes of the ML tree suggested the existence of 4 groups of samples: 
1- Group NI, the North Island samples 19-0M and 20-AHI; 
2- Group SI, the South Island open coast samples 16-SB and 18-0T; 
3- Fiord sample 15-LG and open coast sample I 7-STI; 
4- Fiord samples I-MIL and 9-DBT. 
Relationship between I-MIL, 9-DBT and the rest of the South Island samples was 
umesolved. Only the divergence between North Island and South Island was strongly 
supported (91 % bootstrap value). 
Since samples within each group defined above were genetically homogeneous, samples 
were pooled into the 4 groups. Genetic divergence was estimated between groupings 
(Table 5). By pooling the samples, the results observed in Table 4 were reinforced and 
all pairwise genetic differentiations between each grouping were significant even after 
Bonferroni correction. 
Table 5: 8-values (Weir and Cockerham 1984) between groupings of samples around New Zealand as 
suggested by the pairwise genetic divergences, the MDS plot and the ML tree. p = (n+ I )/(N+ 1 ), where n 
is the number of pseudo-values greater or equal to the observed value processed by 1000 permutations 
and N, the number of permutations (Sokal and Rohlf 1996). Lower matrix, *: significant p-value after 
Bonferroni correction for a= 0.05 (Rice 1989). * p<0.05, ** p<0.01, *** p<0.001. In bold, significant e 
estimations for a= 0.05. 
8 l-1\111,/9-1)131' 15-LG/17-STI SI NI 
1-MIL/9-])BT - 0.009 0.012 0.022 
15-LG/17-STI ** - 0.024 0.023 
SI *** *** - 0.012 
NI *** *** ** 
3.4 Isolation by distance 
Since genetic differences detected among South Island samples were equivalent to the 
differences observed between South Island and North Island samples, no pattern of 
isolation by distance can be expected among the sampling sites analysed around the 
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New Zealand coastline. However, isolation by distance was investigated (i) among outer 
sites samples (16-SB, 18-0T, 19-0M, 20-AHI), (ii) among Fiordland samples (1-MIL, 
9-DBT, 15-LG) and (iii) among fiord samples and 17-STI. No significant relationship 
between genetic and geographic distance was observed for any of the tests (p > 0.05, 
Mantel test, data not shown), suggesting that isolation by distance has little importance 
in the genetic structure of E. chloroticus populations. 
4 Discussion 
In a similar study of E. chloroticus genetic structure around New Zealand usmg 
allozyme markers, Mladenov et al. (1997) suggested that the considerable dispersal 
ability of E. chloroticus larvae is little affected by New Zealand oceanographic features. 
However, microsatellite loci allowed the detection of fine scale genetic differentiation, 
complementing allozyme results and suggesting that larval dispersal is affected by 
complex water flows around both Islands. Around New Zealand, significant genetic 
differentiation was observed among populations of E. chloroticus. This suggests that 
gene flow may be modified by coastal processes along the entire coastline of New 
Zealand. Results suggest that at least three groups of samples occur around New 
Zealand: one group formed by North Island samples, a second group composed of the 
open coast of South Island and a third group formed by the samples from Long Sound 
and Stewart Island. The relationship between the two fiords, Milford Sound and 
Doubtful Sound, and the rest of South Island samples is unclear. 
All samples around New Zealand showed a relatively high genie diversity. Some 
heterozygote deficits were observed at several loci for some samples. Over all loci, only 
Smoothwater Bay and Ahipara showed a significant deficit which might be explained 
by the structure in subunits within these samples (Wahlund effect). However, locus B14 
showed consistent heterozygote deficiencies in all samples, with very large and 
significant estimates in some populations (up to 55%). Other large deficiencies of 
heterozygotes were observed for loci C29 and A34. These results may indicate the 
presence of null alleles or allele dropout at these loci. Null alleles are common in other 
highly fecund marine invertebrates, particularly marine bivalves (Hare et al. 1996, 
McGoldrick et al. 2000). Many other explanations might also be expected in marine 
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every departure from panmixia in general (Hare et al. 1996, David et al. 1997, 
Raymond et al. 1997, McGoldrick et al. 2000). Studies of inheritance will be required 
in the future in order to falsify non-Mendelian inheritance at the loci C29, B14 and A34. 
At this stage of the study, since Hardy-Weinberg disequilibrium were not observed for 
all samples or for a single sample over all loci, it is not possible to affirm if this 
observation is due to null alleles or real departure from panmixia. The heterozygote 
deficits in the samples are likely the results of the combination of several of the 
processes listed above. 
Significant differences between the North Island and South Island samples were 
observed and may be explained by limited genetic exchange due to the current 
divergences and/or selection due to rapid changes in temperature and salinity between 
the Subtropical and Sub-Antarctic water masses. The two sampling sites of North Island 
occur in warmer waters. Sampling sites of South Island occur in cooler waters. The 
currents may act as barriers to gene flow between the North and South Islands (e.g. on 
the east coast, where the East Cape Current meets the Southland Current; and on the 
west coast of the South Island where the Tasman Current diverges into the Southland 
Current and the Westland Current, Fig. 1). A simple model of isolation by distance 
among the samples of the two islands can not be rejected as the number of samples in 
this study was not sufficient for this model to be tested rigorously. Although currents 
may act as barriers to dispersal in some situations, water movement might also increase 
gene flow by transporting larvae between distant sites (a thousand of km) in North 
Island with the Tasman Current northwards followed by the East Auckland Current (e.g. 
from Ahipara to Omaio ); and in South Island with the Southland Current ( e.g. from 
Smoothwater Bay to Otago ). 
The genetic structure observed for E. chloroticus between North and South Island is 
congruent with several studies of different organisms around New Zealand. Smith 
(1988) found significant differences between two northern and four southern samples of 
the green-lipped mussel Perna canaliculus using allozyme markers. Smith suggested 
that this genetic pattern may be explained by limited genetic exchange owing to current 
movements coupled with local selection. Apte and Gardner (2002) reinforced Smith's 
study by examining a mitochondrial DNA marker in 22 populations of P. canaliculus 
around New Zealand. A split was observed south of Cook Strait. The authors suggested 
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that present-day strong tidal flows and turbulent mixing of water masses in Cook Strait, 
and intense up-welling on the east and west coasts in this region, represent a barrier to 
gene flow between mussels located on both sides of Cook Strait. A similar break was 
found at allozyme markers for the surf clam Paphies subtriangulata between North and 
Central regions of New Zealand with Stewart Island representing a potential third group 
(Smith et al. 1989). Spatial distribution of species of macroalgae in New Zealand 
(Nelson 1994) separates New Zealand in two main regions, north of North Island and 
south of North Island grouped with South Island and Stewart Island. In echinoderms, 
Skold et al. (2003) showed, using allozyme makers, that all fiord samples of the sea star 
Coscinasterias muricata are grouped together with other South Island samples since a 
North Island sample formed a more divergent second group (see also Chapter V). Using 
nuclear and mitochondrial DNA markers, Sponer and Roy (2002) observed a 
North/South split among samples of the brittle star Amphipholis squamata which 
appeared to be linked to the regime of oceanic circulation. The consistency of pattern of 
genetic partitioning of many organisms with different life history suggests that water 
circulation around New Zealand is likely to be important for the dispersal capability of 
larvae, by connecting distant locations (e.g. around the North or around South Island); 
but also by creating strong barriers to gene flow between the two islands for many 
marine species. However, genetic discontinuity between North and South Islands may 
have been acquired during a period of allopatry ( e.g. Pleistocene vicariance) and 
coincide at present with a region of limited dispersal ( e.g. discussion in Burton 1998). 
The high genetic divergence observed between Doubtful Sound and the rest of New 
Zealand using allozyme markers (Mladenov et al. 1997) was extended to three fiords 
and supported by our study using microsatellite markers. The consistent genetic 
difference of the fiords relative to the other populations is likely due to the physical and 
environmental characteristics of the fiords. Fiords are characterised by a strong 
estuarine circulation and a shallow sill at their entrance which would tend to restrict 
larval dispersal and thus reduce gene flow in and out of the fiords (Lamare 1998, Wing 
et al. 2003). In addition, fiords contain strong environmental gradients in term of 
salinity, temperature and productivity which might lead to selective regimes reducing 
larvae and adults fitness for some marine species. Several marine organisms in the New 
Zealand and Norwegian fiords did show genetic differences and therefore the potential 
- 34 -
~' 
II-Genetic differentiation of the sea urchin Evecliinus c/1Ioroticus around New Zealand 
for fiord systems to reduce gene flow (corals, Miller 1997; pelagic fishes, Fevolden and 
Pogson 1997, Suneetha and Salvanes 2001; brachiopods, Ostrow et al. 2001; sea stars, 
Skold et al. 2003). However, none of the studies did investigate in depth the specific 
processes leading to these observations. This will be the focus of the following 
Chapters. No genetic difference was observed between the west coast and the east coast 
samples of the south of South Island suggesting the potential for larvae to disperse 
along the southern part of the island. In absence of strong physical barriers to larval 
dispersal, the high genetic structure observed between Stewart Island and the rest of the 
South Island open coast samples suggests that gene flow might be restricted by local 
adaptation at this site. This hypothesis is further investigated in Chapter IV. 
Alternatively, the possibility to observe genetic differences as a result of a temporal 
source of variation such as the differences in years of collection among samples can not 
be dismissed. 
E. chloroticus around New Zealand (except Fiordland) has been considered as a single 
interbreeding population (Mladenov et al. 1997). However, our study reveals a genetic 
divergence between North Island and South Island samples likely due to the current 
retroflections and selection associated to the rapid change in temperature and salinity 
between the two water masses surrounding New Zealand. As our sample collection was 
restricted to a few samples distributed unevenly around New Zealand, this study needs 
to be considered as a preliminary study. Genetic heterogeneity was also observed 
among South Island samples within the potential geographic range of larval dispersal. In 
South Island, the effect of water circulation of gene flow may be coupled to local 
adaptation in some sites. The genetic partitioning of the South Island samples is further 
investigated in Chapter III and IV. 
In terms of management of the E. chloroticus fishery and conservation in general, our 
results provide evidence of existence of different stocks around New Zealand which 
should be taken into account in fishing practice. This highlights the important genetic 
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1 Introduction 
Population genetic structure is determined by the balance between gene flow, genetic 
drift and natural selection (Wright 1931). It is generally thought that barriers to gene 
flow amongst populations with planktonic larvae are weak and ephemeral. As a result, 
marine species that produce long-lived planktonic larvae are expected to maintain gene 
flow among distant populations (Palumbi 1992). Unexpected genetic structure among 
populations, when revealed, often suggests the existence of past or present cryptic 
barriers to gene flow or natural selection on localised populations. Indeed, a growing 
body of evidence suggests that genetic differentiation can occur amongst localised 
populations in spite of the existence of long lived planktonic larvae (Hedgecock 1986, 
Hilbish 1996). Yet, some causes of this micro-geographic genetic differentiation may be 
temporal and ephemeral rather than permanent features of spatial structure (Johnson and 
Black 1984, Watts et al. 1990, Burnett et al. 1994, Hedgecock 1994). 
New Zealand's fourteen deep water fiords provide an opportunity to study evolutionary 
processes associated with the effects of physical and ecological barriers to gene flow in 
the marine environment. The New Zealand fiords are a relatively young marine 
environment and were created as new habitat following their inundation with sea water. 
Glaciers that carved the fiords receded only at the end of the Pleistocene (Smith 2001 ), 
14,000 to 8,000 years ago, after which time the fiords flooded with sea water. Each 
fiord was inundated by sea water when sea levels rose above a relatively shallow sill (to 
25 m) at its entrance. Fiords with shallow sills are considered to be younger marine 
habitats than fiords with deeper sills. Therefore, fiords could have been available for 
habitation by marine species at various times on scales of 1000s of years (Smith 2001) 
and have been colonized by genetically differentiated populations. 
Currently, fiords are characterised by their mean estuarine circulation which is thought 
to retain pelagic larvae (Lamare 1998, Wing et al. 2003) and, in so doing, may limit 
dispersal between fiord and open sea and also among fiords. Estuarine circulation is 
common to all the fiords. However, the strength of the estuarine circulation varies 
among and within fiords due to their physical and associated hydrographic 
characteristics (Gibbs et al. 2000). An obvious feature of the estuarine circulation is a 
large low salinity layer (LSL) flowing seaward that overlays the denser sea water. The 
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amount of freshwater and the thickness of the LSL (2-10 m and occasionally 20 m 
during storm events, Gibbs et al. 2000) in the fiords, relative to the catchment area, is 
directly related to the strength of the estuarine circulation of each fiord. In addition, very 
shallow sills might constrict the underlying seawater flow (Gibbs et al. 2000), 
influencing also the estuarine circulation. However, most of the sills are 50-100 m deep, 
leaving some 40-80 m for the deeper seawater flow. Since most planktonic larvae are 
normally distributed in the top 20 m, the isolation of populations in the fiords is 
expected to be directly related to the thickness of the LSL along with entrance 
topography of each fiord (Wing et al. 2003). This is likely to have had significant 
effects on the population structure of many species. This hypothesis is supported by 
allozyme studies of several species that exhibit random geographical subdivision (the 
black coral Antipathes fiordensis, Miller 1997; the brachiopod Terebratella sanguinea, 
Ostrow et al. 2001; the eleven armed sea star Coscinasterias muricata, Skold et al. 
2003). Fiords contain strong environmental gradients that influence dramatic shifts in 
the marine communities inhabiting different regions: the outer sites are dominated by 
macroalgal communities and are subjected to an open coastal advective environment 
influenced by strong westerly and southwesterly storms, tidal mixing and coastally 
trapped waves. The macroalgal community that dominates the open coast is quickly 
replaced by invertebrate communities inside the fiords (Grange et al. 1981, Wing et al. 
2001). Inner coast environments are characterised by low productivity and a dominant 
suspension feeding community. 
The endemic New Zealand sea urchin Evechinus chloroticus is present in shallow 
subtidal waters (above 10 m, occasionally deeper) in all fourteen fiords. It possesses an 
annual reproductive cycle, spawning in summer (from November to March) and 
produces planktotrophic larvae with a pelagic existence of 1-2 months (Dix 1969, 
Walker 1984). Therefore we expected this species to have a high dispersal potential 
with little population genetic structure over a scale of hundreds of kilometres. This 
hypothesis was supported by analysis of allozyme and microsatellite markers which 
found two widespread populations around the New Zealand coastlines, one around 
North Island and another around South Island (Chapter II). However, fiord populations 
are genetically differentiated from both of these populations (Mladenov et al. 1997, 
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chloroticus have long-lived, planktonic larvae, dispersal is thought to be affected by the 
strength of the estuarine circulation (Lamare 1998, Wing et al. 2003). Alternatively, 
local adaptation may play a key role in population differentiation of E. chloroticus. 
Inner sites of the fiords present low food availability and poor food quality for the 
grazing sea urchin (Wing et al. 2001 ). In this harsh environment, selection can act on 
several stages of the life history and, if strong enough, might induce genetic 
differentiation between inner fiord and open coast sampling sites. 
The degree of isolation of E. chloroticus fiord samples was analysed based on genetic 
distinction estimates over six unlinked nuclear microsatellite markers (Appendix III). 
Microsatellite loci are highly polymorphic, codominant and supposedly neutral markers. 
Therefore, they constituted appropriate markers to characterise genome-wide gene flow 
among E. chloroticus populations in the fiords to a very high degree of resolution 
(Bruford and Wayne 1993, Freimer and Slatkin 1996). 
The objective of this chapter was to assess the effects of historical, physical and 
ecological marine barriers on the evolution of an organism with high dispersal potential. 
Partition of genetic variation among E. chloroticus fiord samples was investigated in 
correlation to: 




the strength of the estuarine circulation in the fiords in order to assess the 
effect of fiord hydrography on dispersal potential. 
the location of the samples along the fiords (inner or outer sites) in order 
to ascertain the effect of differences in habitat. 
Hydrographic and environmental characteristics of the fiords might not restrict larval 
exchange and therefore fiordland samples might represent a continuously distributed 
population. In this case, we might expect that pairs of samples that are situated farther 
apart geographically would show greater genetic distance assuming roughly constant 
rate of migration. In this context, isolation by distance was tested as a model of isolation 
among E. chloroticus. 
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2 Materials and Methods 
2. 1 Sample collection 
Fiordland samples of E. chloroticus were collected by SCUBA diving during two 
research cruises on the New Zealand Department of Conservation's M/V "Renown" in 
November 1999 and November 2000. About 40 individuals per sample were collected 
from each of two sites per fiord. Collection sites were labelled inner or outer sites 
depending on their distance to the mouth of the fiord (up to 2.5 km for the outer sites) 
(Fig. I and Table I). Outgroup samples were collected around New Zealand between 
2000 and 2002 by snorkelling (Fig. I and Table 1). In total, 1277 individuals of E. 
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Figure 1: Evechinus chloroticus. Study sites within the fiords and around New Zealand. Fiord samples are 
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Table 1: Evechinus chloroticus. Study sites within the fiords and around New Zealand. Inner/ Outer gives 
the relative location of the sites and their distance in kilometres from the open ocean. Fiord samples are 
numbered accordin~ to decreasing latitude from 1 to 15, 16 to 20 are the five sites around New Zealand. 
Population Location 
Inner/Outer Distance Sample Date 
to the o~en coast (km} size 
1-MILO Milford Sound Outer 0.50 39 1999 
1-MIL Milford Sound Inner 6.50 40 1999 
2-PB Poison Bay Outer 0.00 40 1999 
3-BLO Bligh Sound Outer 1.50 26 1999 
3-BL Bligh Sound Inner 7.09 35 1999 
4-GEOO George Sound Outer 1.50 40 1999 
4-GEO George Sound Inner 7.00 38 1999 
5-CASO Caswell Sound Outer 1.00 40 1999 
5-CAS Caswell Sound Inner 6.00 38 1999 
6-CHS Charles Sound Inner 4.25 30 1999 
' 7-NAN Nancy Sound Inner 6.25 39 1999 . 8-SH Thompson Sound (8-BRD) Outer 0.50 39 1999 
), 8-CH Thompson Sound (8-BRD) Inner 6.00 39 1999 
9-CC Doubtful Sound (9-DBT) Outer 2.50 40 1999 
9-RH Doubtful Sound (9-DBT) Inner 5.00 39 1999 
9-EP Doubtful Sound (9-DBT) Inner 8.00 40 1999 
9-0Z Doubtful Sound (9-DBT) Inner 13.50 40 1999 
9-LIZ2 Doubtful Sound (9-DBT) Inner 15.00 39 2000 
9-HA Doubtful Sound (9-DBT) Inner 17.50 37 1999 
10-DAGG Dagg Sound Inner 4.25 40 1999 
11-BSVO Breaksea Sound Inner 3.54 39 1999 
11-BSV Breaksea Sound Inner 11.29 39 1999 
12-WJO Wet Jacket Sound Inner 8.70 40 1999 
12-WJ Wet Jacket Sound Inner 15.95 40 1999 
13-GRLO Dusky Sound Inner 6.00 38 1999 
13-GRL Dusky Sound Inner 20.64 28 1999 
14-CIIK Chalky Sound Inner 7.00 39 1999 
15-PRZ Long Sound Inner 5.16 40 1999 
15-LG Long Sound Inner 18.06 39 1999 
,. 16-SB South Island West Coast Outgroup 43 2002 
17-STI Stewart Island Outgroup 34 2000 
18-0T Otago Outgroup 38 2001 
19-0M Bay of Plenty, Omaio Outgroup 30 2000 
20-AHI Tasman sea, Ahipara Outgroup 32 2000 
Due to the difficulty of sampling along a large geographical scale, samples were 
collected across different years. This might induce a temporal source of variation. 
Nevertheless, adults of different size were collected in order to represent, if possible, 
more than one recruitment event. Moreover, juveniles sea urchin (test diameter< 4 cm) 
collected from the sites 1-MIL and 9-LIZ2 in December 2000 were genetically similar 
to adults populations sampled in November 1999 (C. Perrin unpublished data). No 
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genetic differentiation was observed when samples were segregated into size classes 
(tests for some inner and outer fiord samples, C. Perrin unpublished data). In this work, 
samples were assumed to be genetically stable through time, and temporal variation was 
expected to be compensated to some extent by the geographic scope of the study. Yet, 
the possibility of confounding spatial and temporal source of variation can not be 
rejected. 
2.2 DNA extraction 
Tissue samples from spine base or muscle from the Aristotle's lantern were preserved in 
a saline solution made of20% dimethyl sulfoxyde, 0.25 M EDTA, saturated with NaCl, 
pH 8.0. Three different DNA extraction protocols were used depending on the tissue 
used: CT AB, Chelex or Salt extraction. Protocols are described in Appendix II. 
2.3 Microsatellite markers 
Genetic structure of E. chloroticus in the fiords was analysed using six nuclear 
microsatellite loci. Five of the microsatellite loci (C29, Cl, B14, G29 and A34) were 
published in Perrin and Roy (2000) and submitted to GENBANK (Appendix 111). The 
sixth locus AAT42 is presented in Appendix III. PCR amplifications of sample DNA 
were performed as described in Appendix III. 
2.4 Gene diversity 
Genetic variation of samples of E. chloroticus was measured as the observed and 
expected unbiased heterozygosities under the assumption of Hardy-Weinberg 
equilibrium (H0 and AH respectively) (Appendix IV). Genetic diversity was also 
estimated using the multilocus mean number of alleles per population (A). 
Heterozygosity and mean allele number values were calculated using the program 
VARIABILITE in the software GENETIX (version 4.02, Belkhir et al. 2001). 
2.5 Hardy-Weinberg disequilibria 
Pairwise associations between genomes (F1s, Hardy-Weinberg disequilibrium) were 
estimated by f (Weir and Cockerham 1984) and their significances tested by a 
permutation test ( 1000 permutations of alleles within each sample) using the program 
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different from zero when the probability, p = (n+ l)l(N+ l) (where n is the number of 
pseudo-values greater or equal to the observed value and N, the number of permutations 
(Sokal and Rohlf 1996)) is smaller than 5%. Sequential Bonferroni correction (Rice 
1989) was not performed since it would have been too conservative for a so high 
number of comparisons (Sachs 1980). 
2.6 Genetic structure among populations 
Degree of genetic divergence of single samples of E. chloroticus among the fiords was 
determined by estimation of pairwise Wright's FsT -values (Wright 1969) for multi-
allelic data using the unbiased correction of Robertson and Hill parameter, RH' 
(Raufaste and Bonhomme 2000) (Appendix V). RH'-values were estimated and tested 
by permutations (1000 permutations of individuals in the total sample) using the 
program FSTATS in the software GENETIX (Belkhir et al. 2001) (Appendix V). The 
observed value was significantly different from zero when the probability p = 
(n+ 1)/(N+ 1), where n is the number of pseudo-values greater or equal to the observed 
value and N, the number of permutations (Sokal and Rohlf 1996), is smaller than 5%. 
As a large number of tests were run simultaneously, a sequential Bonferroni correction 
was performed (Rice 1989) on a =5%. Applying sequential Bonferroni correction to 
large numbers of pairwise comparisons frequently causes p-values lower than 0.001 to 
become non-significant. It has been stated that the Bonferroni method is highly 
conservative for cases in which more than five comparisons are being made (Sachs 
1982). Consequently, values that remained significant after sequential Bonferroni are 
indicated in all tables, whereas values significant before sequential Bonferroni 
correction are in bold. 
Genetic structure of fiordic samples was visualized by non-metric multidimensional 
scaling (MDS, Appendix VII) using the program PRIMER v5 (Clarke and Gorley 
2001), using the pairwise matrix of Nei's standard genetic distance (Nei 1972, 1987) 
among samples of E. chloroticus (program GENDIST in PHYLIP, Felsenstein 1993). 
In the same way, genetic differentiation between inner and outer sites of the fiords was 
estimated. Spatial variation observed using the Nei genetic distances and permutations 
of RH'-values were also analysed. Groups are fully described in the results. For 
analyses between groups, FsT values between groups were expected to be better 
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estimated by 8 (Weir and Cockerham 1984) (Raufaste and Bonhomme 2000, Appendix 
V). 
2. 7 Historical and hydrographic tests 
2.7.1 Testing for correlation between age of fiord habitat and 
genetic diversity 
Each of the fiords was likely inundated by sea water at a different time. Smith (2001) 
used an extension of the curve of sea level rise over the past 18,000 yrs to estimate the 
time at which rising sea levels spilled over the entrance sills of each fiord, indicating the 
date at which these habitats were available for colonisation. It is generally assumed that 
older populations harbour more genetic diversity through persistent accumulation of 
alleles (through mutation and migration) compared to younger ones. In order to test for 
an association between genetic diversity and estimated age (sill depth) of the fiords, 
linear regression analyses were performed using SPSS (SPSS Inc. 1989-2002). Two 
groups of sea urchin were revealed in this study (see results section). Only the inner 
fiord sites of group A samples for which we had sill depths ( common sites with those 
from Smith 2001) were analysed (Table 2). Group B was not used as it is formed by 
most of the outer sites which are either located on the sill or at the entrance of the fiord 
and because group B might also represent a genetically differentiated entity. Unbiased 
expected heterozygosity within sample CH) was used as estimate for genetic diversity. 
Entrance sill depth separating deep basins from the open ocean was calculated using a 
fme scale bathymetric data from LINZ (Smith 2001) (Table 2). 
2.7.2 Testing for effect of habitat age on degree of genetic 
difference 
Sill depth approximates the age of the fiord habitat due to rising sea levels at the end of 
the Pleistocene. If migration does not occur between fiords, older colonisations ( deep 
sill) might be the most likely to have differentiated from each other through drift over 
time. However, sill depth, if very shallow, might constrict seawater flow and therefore 
may affect genetic exchange between populations in the fiords and those on the open 
coast. Populations in the fiords with shallow sills might, therefore, also be the most 
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previous hypothesis. However, most of the sills are deep and do not affect the seawater 
flow. So, in general, sill depth would mostly be an indicator of age. 
Correlation between degree of genetic difference and sill depth was tested for samples 
of E. chloroticus sites listed in Table 2. A mean pairwise Nei's standard genetic 
distance was calculated for each site by averaging each site's genetic distance to all 
other sites in the analysk Mean genetic distances and their 95% confidence interval 
were plotted against sill depth and linear regression analyses were performed using 
SPSS (SPSS Inc. 1989-2002). 
Table 2: Entrance sill depth and estimated age of the fiords. 
















































2.7.3 Testing for the effect of strength of the estuarine circulation 
on degree of genetic difference 
Estuarine circulation is thought to restrict exchange of pelagic larvae between fiords and 
open sea. The amount of freshwater and the thickness of the low salinity layer (LSL) in 
the fiords, relative to the catchment area, along with entrance topology (e.g. sill depth) 
likely determine the strength of the estuarine circulation of each fiord. Sill depth would 
create some constriction of flow only if it is very shallow. As most of the sills are deep, 
amount of freshwater and thickness of the LSL can be used as an indicator of the 
strength of the estuarine circulation. Effective freshwater depth (EFD) at each site was 
used as a proxy for the strength of the estuarine circulation. It represents the integrated 
thickness of the LSL at each site over time (Gibbs et al. 2000). EFD was analysed using 
conductivity temperature and depth surveys (CTD) throughout the fiords (Wing et al. 
2001, Wing and Smith unpublished data). 
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In order to investigate if strength of the estuarine circulation in the fiords could account 
for restriction of gene exchange among fiord samples, we compared genetic distance 
and EFD for group A inner sites of E. chloroticus in the fiords. Group B was not 
analysed as it comprised most of the outer sites which are not under the influence of the 
estuarine circulation. A mean pairwise Nei's standard genetic distance was calculated 
for group A inner sites by averaging each site's genetic distance to all other sites in the 
analysis. Mean genetic distances and their 95% confidence interval were plotted against 
EFD and linear regression analyses were performed using SPSS (SPSS Inc. 1989-2002) 
2.8 Isolation by distance 
If the fiords do not present any barrier to gene flow, isolation by distance might be a 
process of genetic differentiation between fiord samples. Isolation by distance was 
tested with a non parametric test of correlation between N ei' s standard genetic distance 
and along fiord and open sea coastlines geographic distance (Mantel 1967, Sokal 1979, 
Manly 1985, Sokal and Rohlf 1996) using the procedure MANTEL in the software 
GENETIX (version 4.02, Belkhir et al. 2001). 
3 Results 
3. 1 Gene diversity 
All six microsatellite loci were highly polymorphic (Table 3). The mean number of 
alleles per locus per sample ranged from 7.3 (4- GEO) to 10.2 (19-0M). Within 
samples, observed multilocus heterozygosity (H0 ) ranged from 0.58 (4-GEO) to 0.72 (1-
MIL), with comparable average estimates in fiord, coastal and outgroups samples 
(Table 3). 
3.2 Hardy-Weinberg disequilibria 
Some high to very high and significant deviation from Hardy-Weinberg equilibrium 
were observed for all loci at different samples, but especially for locus C29, A34 and 
B14 (Table 3). Up to 14 heterozygote deficiencies were detected among the samples at 
locus B14, while other loci detected only from Oto 7. This result strongly suggests the 
presence of null alleles at this locus. 
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Table 3: Microsatellite diversity within and across Evechinus chloroticus samples (among Fiordland and around New Zealand). H0 and 7f are observed and expected unbiased 
heterozygosities, respectively. A is the mean multilocus number of alleles per locus. n is the sample size. Heterozygosities and mean multilocus number of alleles (A) were calculated 
using GENETIX 4.1 (Belkhir et al. 2001 ). In bold, significant associations between genomes (Hardy-Weinberg disequilibria) for p = (n+ 1 )/(N+ 1 ), where n is the number of pseudo-
values ~reater or e9ual to the observed value 12rocessed b~ 100012ermutations and N, the number of 12ermutations (Sokal and Rohlf 1996). 
Multilocus C29 Cl B14 G29 A34 AAT42 
Sam~les n A Ho "H Ho "H Ho "H Ho "H Ho "H Ho "H Ho "H 
TOTAL 1277 14.5 0.65 0.69 0.72 0.76 0.89 0.93 0.25 0.34 0.69 0.72 0.83 0.87 0.51 0.53 
1-MILO 39 8.7 0.59 0.67 0.62 0.72 0.95 0.94 0.24 0.25 0.51 0.62 0.74 0.91 0.49 0.56 
1-MIL 40 8.0 0.72 0.72 0.88 0.77 0.95 0.93 0.35 0.40 0.70 0.76 0.83 0.89 0.61 0.58 
2-PB 40 8.2 0.67 0.67 0.75 0.71 0.90 0.93 0.28 0.31 0.68 0.65 0.95 0.86 0.48 0.55 
3-BLO 26 7.8 0.66 0.67 0.56 0.72 0.80 0.92 0.23 0.27 0.65 0.66 0.88 0.90 0.83 0.53 
3-BL 35 7.7 0.66 0.68 0.74 0.72 0.89 0.93 0.24 0.33 0.88 0.75 0.79 0.87 0.42 0.51 
4-GEOO 40 9.3 0.66 0.67 0.83 0.80 0.95 0.94 0.30 0.28 0.58 0.62 0.82 0.89 0.46 0.51 
4-GEO 38 7.3 0.58 0.66 0.68 0.70 0.80 0.91 0.40 0.40 0.42 0.60 0.75 0.87 0.41 0.48 
5-CASO 40 8.3 0.65 0.67 0.80 0.75 0.85 0.93 0.21 0.34 0.73 0.71 0.85 0.86 0.45 0.45 
5-CAS 38 8.0 0.64 0.67 0.71 0.75 0.92 0.91 0.03 0.22 0.66 0.74 0.95 0.88 0.58 0.54 
6-CHS 30 7.7 0.62 0.68 0.70 0.77 0.83 0.93 0.23 0.26 0.75 0.71 0.79 0.87 0.41 0.52 
7-NAN 39 8.3 0.66 0.69 0.77 0.78 0.87 0.92 0.24 0.32 0.82 0.76 0.85 0.87 0.39 0.48 
8-SH 39 8.7 0.62 0.66 0.79 0.74 0.89 0.94 0.21 0.29 0.63 0.64 0.69 0.85 0.49 0.50 
8-CH 39 8.3 0.67 0.70 0.82 0.77 0.87 0.91 0.28 0.36 0.71 0.72 0.81 0.88 0.50 0.56 
9-CC 40 8.3 0.68 0.69 0.68 0.76 0.85 0.94 0.20 0.30 0.65 0.69 0.95 0.87 0.73 0.58 
9-RH 39 9.0 0.67 0.69 0.72 0".74 0.89 0.94 0.18 0.35 0.74 0.74 0.87 0.87 0.62 0.50 
9-EP 40 8.3 0.60 0.68 0.66 0.75 0.88 0.92 0.25 0.41 0.62 0.72 0.77 0.87 0.46 0.43 
9-0Z 40 8.0 0.66 0.71 0.68 0.77 0.88 0.92 0.26 0.45 0.75 0:11 0.83 0.86 0.55 0.54 
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Table 3 continued. 
Multilocus C29 Cl B14 G29 A34 AAT42 
Sam~les n A Ho "H Ho "H Ho "H Ho "H Ho "H Ho "H Ho "H 
9-LIZ2 39 8.3 0.68 0.69 0.87 0.77 0.82 0.93 0.21 0.30 0.77 0.73 0.79 0.88 0.59 0.53 
9-HA 37 8.0 0.66 0.72 0.65 0.78 0.89 0.91 0.35 0.49 0.68 0.74 0.86 · 0.87 0.53 0.50 
10-DAGG 40 8.2 0.67 0.68 0.72 0.78 0.92 0.93 0.28 0.32 0.56 0.64 0.86 0.86 0.64 0.52 
11-BSVO 39 8.2 0.66 0.70 0.79 0.78 0.92 0.94 0.24 0.29 0.72 0.73 0.78 0.87 0.53 0.55 
11-BSV 39 8.3 0.63 0.70 0.62 0.76 0.85 0.93 0.18 0.29 0.74 0.75 0.92 0.89 0.44 0.56 
12-WJO 40 7.8 0.63 0.66 0.68 0.76 0.80 0.91 0.18 0.25 0.76 0.70 0.87 0.86 0.46 0.50 
12-WJ 40 8.0 0.64 0.70 0.78 0.76 0.77 0.90 0.30 0.43 0.68 0.73 0.87 0.87 0.44 0.52 
13-GRLO 38 8.0 0.69 0.70 0.79 0.80 0.97 0.94 0.21 0.27 0.78 0.75 0.86 0.88 0.50 0.57 
13-GRL 28 7.5 0.69 0.71 0.64 0.78 0.96 0.93 0.25 0.37 0.79 0.73 0.89 0.89 0.61 0.55 
14-CHK 39 9.0 0.62 0.71 0.78 0.77 0.79 0.91 0.38 0.47 0.58 0.71 0.74 0.88 0.46 0.53 
15-PRZ 40 9.3 0.60 0.69 0.65 0.80 0.87 0.95 0.13 0.28 0.73 0.74 0.83 0.89 0.40 0.50 
15-LG 39 8.8 0.66 0.68 0.84 0.79 0.86 0.94 0.26 0.27 0.69 0.70 0.79 0.84 0.54 0.56 
16-SB 43 8.0 0.60 0.67 0.58 0.68 0.98 0.94 0.21 0.41 0.67 0.60 0.67 0.88 0.49 0.51 
17-STI 34 8.2 0.65 0.68 0.82 0.72 0.97 0.92 0.15 0.33 0.70 0.69 0.74 0.89 0.50 0.51 
18-0T 38 8.3 0.64 0.68 0.66 0.74 0.92 0.93 0.31 0.37 0.71 0.65 0.70 0.87 0.54 0.52 
19-0M 30 10.2 0.70 0.74 0.60 0.77 1.00 0.94 0.37 0.44 0.72 0.80 0.93 0.90 0.57 0.60 
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3.3 Population differentiation and structure among fiord 
populations 
Genetic divergence among fiord and New Zealand's samples was investigated using 8-
values matrix between samples tested by permutation (Table 4). Nei's standard 
unbiased genetic distance (Nei 1972, 1987) was calculated between all samples of E. 
chloroticus around New Zealand. The Nei distance matrix among samples was 
visualised using a two-dimensional MDS (Multi-Dimensional Scaling). The significant 
pairwise genetic differentiations (Table 4) and the MDS plot (stress 0.16, Fig. 2) 
strongly suggested the existence of 3 groups of samples: 
1- Inner fiords (except 4-GEO and 10-DAGG), 5-CASO and one outgroup (17-
STI); 
2- Outer fiords (except 5-CASO), 4-GEO, IO-DAGG and two outgroups (16-SB, 
18-0T); 
3- Outgroups from North Island (19-0M and 20-AHI). 
The pairwise genetic differentiations and the clustering of samples on the MDS plot 
suggested that most samples from the inner sites, separated by hundreds of kilometers 
of coastline, were genetically more similar to each other and the 17-STI sample than 
they were to the outer sites of their own fiord. Most outer coast samples also clustered 
together along with two coastal samples from elsewhere in the South Island (16-SB and 
18-0T), rather than with inner sites of their own fiord. 
Genetic divergence was estimated between inner and outer samples of the fiords and 
between the two groups of samples suggested by the pairwise genetic differentiation 
matrix and the MDS visualisation of the Nei distance matrix. Genetic subdivision was 
tested in two different groupings (Table 5): 
Grouping "IN-OUT", comparing inner to outer sampling sites: 
1- Inner fiords listed in Table 1; 
2- Outer fiords listed in Table 1. 
Grouping A-B, comparing groups suggested by the pairwise genetic differentiation 
matrix and on the MDS plot of the Nei distance matrix: 
1- Group A: inner fiords (except 4-GEO and 10-DAGG), 5-CASO; 
2- Group B: outer fiords (except 5-CASO), 4-GEO, 10-DAGG. 
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Table 4: 8-values (Weir and Cockerham 1984) among New Zealand fiord and open coast sampling sites. Lower matrix, p = (n+ 1)/(N+ 1), where n is the number of pseudo-values 
~eater or e9ual to the observed value erocessed bi 1000 eermutations andN, the number ofeermutations ~Sokal and Rohlf 19962. * e<0.05, ** e<0.01, *** e<0.001. 
e 1-MILO 2-PB 3-BLO 4-GEOO 4-GEO 8-SH 9-CC 10-DAGG 1-MIL 3-BL 5-CASO 5-CAS 
1-MILO -0.002 -0.004 -0.006 0.002 -0.003 0.000 -0.002 0.019 0.007 0.018 0.007 
2-PB 0.005 -0.004 0.000 0.003 0.001 0.000 0.023 0.013 0.020 0.012 
3-BLO -0.001 0.009 -0.005 -0.004 0.004 0.015 0.009 0.024 0.011 
4-GEOO 0.001 -0.005 -0.001 -0.003 0.018 0.006 0.014 0.009 
4-GEO 0.003 0.003 0.000 0.019 0.004 0.012 0.012 
8-SH -0.001 0.001 0.021 0.004 0.016 0.009 
9-CC -0.004 0.004 0.003 0.010 0.005 
10-DAGG 0.017 0.010 0.013 0.012 
1-MIL ** *** ** ** ** *** ** 0.001 0.005 0.002 
3-BL * * -0.004 -0.004 
5-CASO ** ** ** ** * ** * ** -0.002 
5-CAS * * * * * * 
6-CHS 
7-NAN * ** ** * * ** * * 
8-CH * ** * * * * 
9-RH * ** * 
9-EP * 
9-0Z ** *** * *** ** * * 
9-LIZ2 * ** * * * 
9-HA ** *** *** * ** ** * ** 
11-BSVO * * * ** * * * 
11-BSV 
12-WJO ** 
12-WJ * ** * * ** * 
13-GRLO *** ** * ** ** ** * 
13-GRL * * * 
14-CHK ** ** ** ** ** ** * *** 
15-PRZ ** ** ** * ** ** * 
15-LG *** *** *** *** *** *** ** *** * 
16-SB ** * ** ** 
17-STI ** * * * ** *** * * 
18-0T *** ** ** 
19-0M * * * ** ** ** *** * 
20-AHI ** ** * * *** ** * *** *** ** *** *** 
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Table 4 continued. 
e 6-CHS 7-NAN 8-CH 9-RH 9-EP 9-0Z 9-LIZ2 9-HA 11-BSVO 11-BSV 
1-MILO 0.000 0.012 0.010 0.009 0.006 0.017 0.011 0.023 0.010 0.002 
2-PB 0.007 0.019 0.018 0.017 0.005 0.025 0.014 0.024 0.013 0.008 
3-BLO -0.002 0.021 0.011 0.005 0.012 0.014 0.010 0.022 0.004 -0.001 
4-GEOO -0.005 0.010 0.010 0.007 0.003 0.016 0.007 0.017 0.008 0.004 
4-GEO 0.004 0.012 0.008 0.011 0.003 0.017 0.011 0.019 0.014 0.006 
8-SH -0.003 0.014 0.011 0.004 0.005 0.012 0.010 0.021 0.012 0.004 
9-CC -0.006 0.008 0.001 0.000 0.003 0.006 0.000 0.012 -0.005 -0.005 
10-DAGG 0.001 0.010 0.007 0.003 0.003 0.011 0.007 0.016 0.010 0.005 
1-MIL 0.001 0.004 -0.006 0.003 0.007 0.002 0.000 0.003 0.001 -0.003 
3-BL -0.004 -0.004 -0.006 0.002 -0.004 0.000 -0.002 0.003 0.005 -0.004 
5-CASO -0.001 -0.003 -0.004 0.002 -0.004 0.002 -0.001 -0.002 0.014 0.008 
5-CAS -0.006 -0.003 -0.005 0.004 -0.001 0.004 -0.001 0.006 0.003 -0.002 
6-CHS -0.002 -0.004 -0.005 -0.005 0.000 -0.006 0.004 -0.001 -0.005 
7-NAN -0.005 0.006 -0.004 0.002 0.003 0.004 0.010 0.004 
8-CH -0.003 -0.003 -0.005 -0.005 -0.003 -0.001 -0.005 
9-RH 0.002 -0.005 -0.003 0.001 0.005 0.001 
9-EP - 0.001 0.000 -0.001 0.010 0.003 
9-0Z 0.000 0.000 0.008 0.003 
9-LIZ2 0.001 0.002 0.001 
9-HA 0.012 0.010 
11-BSVO * * * * -0.007 
11-BSV * 
12-WJO 





15-LG * *** * * * ** * 
16-SB *** ** * * ** ** *** * 
17-STI ** ** * * * 
18-0T * * ** ** ** 
19-0M ** ** * * ** * ** 
20-AHI * *** *** *** *** *** *** *** ** ** 
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Table 4 continued. 
e 12-WJO 12-WJ 13-GRLO 13-GRL 14-CHK 15-PRZ 15-LG 16-SB 17-STI 18-0T 19-0M 20-AHI 
1-MILO 0.007 0.009 0.024 0.006 0.019 0.013 0.026 0.000 0.006 0.003 0.010 0.017 
2-PB 0.014 0.015 0.028 0.011 0.024 0.013 0.030 0.002 0.016 0.005 0.012 0.018 
3-BLO 0.002 0.008 0.016 0.000 0.019 0.018 0.028 -0.005 0.008 0.001 0.010 0.014 
4-GEOO 0.005 0.011 0.020 0.002 0.017 0.009 0.024 0.001 0.011 -0.001 0.005 0.017 
4-GEO 0.007 0.005 0.020 0.014 0.017 0.016 0.033 0.000 0.013 0.000 0.020 0.028 
8-SH 0.005 0.011 0.020 0.007 0.018 0.018 0.029 -0.001 0.012 0.003 0.008 0.021 
9-CC -0.001 0.005 0.005 -0.004 0.012 0.003 0.017 0.000 0.012 0.000 0.008 0.016 
10-DAGG 0.001 0.013 0.018 0.004 0.020 0.009 0.029 0.004 0.020 -0.001 0.017 0.029 
1-MIL 0.004 0.002 -0.006 -0.003 0.001 0.000 0.006 O.o18 0.008 0.019 0.014 0.032 
3-BL -0.002 -0.003 -0.004 0.002 -0.001 0.005 0.008 0.011 -0.001 0.006 0.008 0.023 
5-CASO 0.003 0.009 0.003 0.009 0.002 -0.001 0.007 0.025 0.011 0.018 0.025 0.047 
5-CAS 0.002 0.002 0.002 0.002 0.003 -0.001 0.004 0.017 -0.003 0.016 0.013 0.029 
6-CHS -0.005 -0.001 0.001 -0.007 0.004 -0.003 0.007 0.003 0.000 0.000 0.004 0.020 
7-NAN 0.003 0.005 0.002 0.004 0.001 0.001 0.008 0.024 0.005 0.017 0.016 0.034 
8-CH -0.005 -0.003 -0.006 -0.003 -0.004 -0.001 0.004 0.014 0.002 0.010 0.015 0.032 
9-RH -0.006 0.009 0.001 -0.001 0.007 0.001 0.019 0.010 0.016 0.004 0.011 0.035 
9-EP 0.001 0.002 0.005 0.004 -0.002 -0.001 0.008 0.010 0.005 0.005 0.012 0.030 
9-0Z -0.001 0.007 -0.004 0.002 0.000 0.006 0.012 0.018 0.016 0.014 0.017 0.040 
9-LIZ2 -0.006 0.007 -0.001 0.001 0.006 -0.005 0.007 0.016 0.012 0.006 0.011 0.031 
9-HA 0.005 0.010 0.000 0.008 -0.006 0.001 0.016 0.022 0.014 0.019 0.016 0.041 
11-BSVO 0.004 0.003 -0.002 -0.005 0.011 0.003 0.010 0.009 0.009 0.012 0.008 0.017 
11-BSV 0.000 -0.006 -0.003 -0.007 0.005 0.005 0.006 0.002 0.000 0.006 0.005 0.016 
12-WJO 0.007 0.000 0.000 0.008 0.001 0.015 0.011 0.011 0.002 0.017 0.035 
12-WJ 0.004 0.001 0.001 0.012 0.007 0.005 -0.006 0.009 0.014 0.016 
13-GRLO -0.002 0.001 0.000 0.005 0.021 o.on 0.016 0.012 0.029 
13-GRL 0.005 0.000 0.005 0.008 0.007 0.006 0.008 0.020 
14-CHK 0.006 0.010 0.016 0.003 O.o18 0.016 0.031 
15-PRZ * 0.003 0.023 0.012 0.015 0.015 0.034 
15-LG ** * 0.037 0.008 0.033 0.029 0.039 
16-SB * ** * *** *** 0.012 -0.001 0.010 O.o15 
17-STI * * * * 0.017 0.014 0.017 
18-0T * ** ** ** *** *** 0.010 0.018 
19-0M ** * * ** ** *** * * * 0.004 
20-AHI *** * ** ** *** *** *** * * ** 
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Figure 2: Evechinus chloroticus. Multi-dimensional scaling (MDS) of the Nei distance matrix (Nei 1972, 1987) between pairs of samples and its associated stress value (PRIMER 
v5, Clarke et al. 2001). 
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Table 5: 8-values (Weir and Cockerham 1984) between and within inner and outer sampling sites and 
between and within groups A and B. p = (n+ 1 )/(N+ 1 ), where n is the number of pseudo-values greater or 
equal to the observed value processed by 1000 permutations and N, the number of permutations (Sokal 














A pairwaise 8-values matrix was also estimated between groups A and Band outgroup 
samples around New Zealand, and tested by permutation (Table 6). 
Table 6: 8-values (Weir and Cockerham 1984) between groups A, Band samples around New Zealand. 
Grouping of samples around New Zealand are justified in Chapter II. SI: South Island 16-SB and 18-0T; 
NI: North Island 19-0M and 20-AHI.p = (n+ 1)/(N+l), where n is the number of pseudo-values greater or 
equal to the observed value processed by 1000 permutations and N, the number of permutations (Sokal 
and Rohlf 1996). Lower matrix, *: significant p-value after Bonferroni correction for a = 0.05 (Rice 
1989). * p<0.05, ** p<0.01, *** p<0.001. In bold, significant 8 estimations for a= 0.05. 
8 A B SI 17-STI 
A - 0.011 0.013 0.006 
B *** - 0.001 0.013 
SI *** - 0.014 
17-STI ** 






The genetic structure observed on the MDS plot was supported by the estimation of 
significant 8-values (Tables 5 and 6). Inner sites were differentiated from the outer sites, 
but each group was significantly heterogeneous. However, when grouping the sites 
according to the MDS plot, no significant genetic differentiation was found within 
group A or B. Comparison of these groups with the open coast groups around New 
Zealand suggested that groups A and B were both different to the North Island samples. 
Group B was genetically similar to the South Island samples excluding 17-STI. Group 
A and 17-STI were slightly differentiated; however the comparison was not significant 
after sequential Bonferroni correction. Relationships between open coast samples were 
discussed in Chapter II. 
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3.4 Population structure among group A sites 
A pairwise RH'-values matrix was estimated among group A sites and tested by 
permutations (Table 7). As suggested by the low and non significant genetic variability 
within group A in Table 5, none of the pairwise RH'-values were significant after 
sequential Bonferroni correction. However, applying sequential Bonferroni correction to 
large numbers of pairwise comparisons frequently causes p-values lower than 0.001 to 
become non-significant. Without correction, some comparisons were significant, most 
notably one supported the divergence of 15-LG from the rest of the group A. 
Comparing group A samples to 15-LG itself confirmed this observation (8=0.008, p 
=0.003). In order to verify that this result was not biased, other samples, such as 13-
GRLO and 9-0Z (Table 7), were tested the same way as 15-LG. None of them were 
significantly divergent from the rest of group A samples (data not shown). The Nei 
distance matrix among group A samples was visualized using a two-dimensional MDS 
(stress 0.19, Fig. 3). 
3.4.1 Historical and hydrographic tests 
3.4.1.1 Testing for correlation between age of fiord habitat and genetic 
diversity 
The graph of genetic heterozygosity versus estimated fiord age for group A samples 
listed in Table 2 showed no trend of greater diversity in older fiords (r2 = 0.015, p = 
0.717) (Fig. 4). 
0.73., 
r
2 = 0.015 
0.72 p = 0.717 • 
t 0.71 • 
0 • • g"! 0.7 • N e o.69 • .e • • • ~ 0.68 • 
0.67 • 
0.66 
8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 
Estima1ted age 
Figure 4: Evechinus chloroticus. Plot and linear regression of sample heterozygosity vs. estimated age of 
the fiord habitat. 
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Table 7: RH'-values (corrected Robertson and Hill (RH) estimator, Raufaste and Bonhomme 2000) among group A samples of New Zealand fiords.p = (n+l)/(N+ 1), where n 
is the number of pseudo-values greater or equal to the observed value processed by 1000 permutations and N, the number of permutations (Sokal and Rohlf 1996). Lower 
matrix,*: significant p-value after Bonferroni correction for u = 0.05 (Rice 1989). In bold, significant RH' estimations for u = 0.05. · 
RH' 1-MIL 3-BL 5-CASO 5-CAS 6-CHS 7-NAN 8-CH 9-RH 9-EP 
1-MIL 0.010 0.005 0.005 0.007 0.007 -0.001 0.004 0.015 
3-BL 0.009 0.007 0.008 0.004 0.008 0.038 0.005 
5-CASO 0.001 0.004 -0.001 0.003 0.012 0.004 
5-CAS 0.001 -0.001 0.002 0.006 0.005 
6-CHS -0.001 -0.001 0.006 0.007 
7-NAN 0.002 0.020 0.008 




RH' 9-HA 11-BSVO 11-BSV 12-WJO 12-WJ 13-GRLO 13-GRL 14-CHK 15-PRZ 
1-MIL 0.008 0.014 0.001 0.004 0.010 0.006 0.000 0.008 0.003 
3-BL 0.013 0.010 0.005 0.009 0.008 0.009 0.001 0.012 0.031 
5-CASO 0.003 0.006 0.009 0.003 0.005 0.004 0.003 0.002 0.003 
5-CAS 0.007 0.000 0.002 0.008 0.005 0.014 0.002 0.010 0.003 
6-CHS 0.006 0.005 0.002 0.000 0.002 0.000 0.006 0.007 0.001 
7-NAN 0.016 0.002 0.008 0.004 0.005 0.015 0.013 0.006 0.008 
8-CH 0.003 0.001 0.000 0.006 0.004 0.006 0.001 0.003 0.001 
9-RH 0.009 0.011 0.008 0.005 0.015 0.005 0.014 0.008 0.007 
9-EP 0.005 0.013 0.006 0.001 0.007 0.025 0.025 0.001 0.000 
9-0Z 0.011 0.021 0.008 0.008 0.019 0.029 0.003 0.024 0.010 
9-LIZ2 0.006 0.007 0.005 -0.001 0.013 0.031 0.016 0.011 0.004 
9-HA 0.013 0.007 0.006 0.012 0.011 0.007 0.001 0.004 
11-BSVO 0.000 0.010 0.007 0.001 0.003 0.006 0.009 
11-BSV 0.002 0.002 0.004 0.005 0.006 0.004 
12-WJO 0.008 0.007 0.006 0.014 0.002 
12-WJ 0.008 0.021 0.005 0.011 
13-GRLO 0.004 0.022 0.000 
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Figure 3: Evechinus chloroticus. Multi-dimensional scaling (MDS) of the Nei distance matrix (Nei 1972, 1987) between pairs of group A samples of New Zealand fiords and its 
associated stress value (PRIMER v5, Clarke et al. 2001). Outgroup: 17-STI. 
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3.4.1.2 Testing for effect of habitat age on degree of genetic difference 
The graph of mean genetic distance versus sill depth (Fig. 5, I) showed a significant 
negative correlation (r2 = 0.552, p = 0.009) due to the only site with a very shallow sill 
(25 m in 15-LG), suggesting that very shallow sill may affect gene flow. However, 
entrance sills in the other fiords tested were deep and could be used as an indicator of 
habitat age. Using only these sites (excluding 15-LG), no correlation was observed 
between degree of genetic difference and sill depth (Fig. 5, II), suggesting that age of 
the fiord habitat has little relative importance for the degree of current genetic 
differentiation of the samples. 
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Figure 5: Evechinus chloroticus. Plot and linear regression of sample mean Nei ' s standard genetic 
distance and its 95% confidence interval vs. sill depth at the entrance of the fiord site. I: one site per fiord 
of Table 2 samples; II: one site per fiord of Table 2 samples except sample 15-LG. 
3.4.1.3 Testing for the effect of strength of the estuarine circulation on 
degree of genetic difference 
Effective freshwater depth (EFD) was used as proxy for strength of estuarine circulation 
in the fiords. The graph of mean genetic distance versus effective freshwater depth for 
group A inner site samples showed a significant correlation (r2 = 0.389, p = 0.006) 
suggesting that estuarine circulation may affect gene flow (Fig. 6, I). However, this 
trend may be due to the sites in Long Sound, the only fiord with a very strong EFD. 
This trend disappeared when the outliers, 15-PRZ and 15-LG, were excluded from the 
plot (Fig. 6, II) suggesting that estuarine circulation may affect gene flow only when the 
EFD is very large. 
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Figure 6: Evechinus chloroticus. Plot and linear regression of sample mean Nei's standard genetic 
distance and its 95% confidence interval vs. effective freshwater depth at the fiord site. I: Group A inner 
sites, II: Group A inner sites except samples 15-PRZ and 15-LG. 
3.4.2 Isolation by distance 
We estimated isolation by distance among group A's samples by using Nei's standard 
genetic distance and geographic distance along the open sea and fiord coastline. No 
significant relationship between genetic and geographic distance was observed within 
group A (p > 0.05, Mantel test, data not shown), suggesting that isolation by distance 
has little relative importance for producing the genetic structure of the group A samples 
of E. chloroticus in the fiords. 
3.5 Population structure among group B sites 
Pairwise RH'-values were estimated among group B sites and tested for significance by 
permutations (Table 8). As suggested by the absence of genetic differentiation within 
group B in l;'able 5, none of the pairwise RH'-values were significant after sequential 
Bonferroni correction. However, without sequential Bonferroni correction, some 
pairwise RH'-values were significant among group B samples (Table 8): 2-PB vs. 4-
GEO, 18-0T vs. 4-GEO, 18-0T vs. 8-SH. These slight divergences were tested by 
comparing 4-GEO and 18-0T to the rest of group B. No significant difference was 
observed (data not shown) supporting the lack of genetic variability within group Band 
between group B and 18-0T. The Nei distance matrix among group B samples was 
visualized using a two-dimensional MDS (stress 0.13, Fig. 7). 
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Table 8: RH'-values ( corrected Robertson and Hill (RH) estimator, Raufaste and Bonhomme 2000) among group B samples of New Zealand fiords. p = (n+ 1 )/(N+ 1 ), where n is the 
number of pseudo-values greater or equal to the observed value processed by 1000 permutations and N, the number of permutations (Sokal and Rohlf 1996). Lower matrix, *: 
significant p-value after sequential Bonferroni correction for a= 0.05 (Rice 1989). In bold, significant RH' estimations for a= 0.05. 
RH' 1-MILO 2-PB 3-BLO 4-GEOO 4-GEO 8-SH 9-CC 
1-MILO 0.003 0.006 0.004 0.014 0.008 0.001 
2-PB 0.008 0.000 0.027 0.012 0.005 
3-BLO 0.012 0.015 0.002 0.000 
4-GEOO 0.005 0.002 0.003 
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Figure 7: Evechinus chloroticus. Multi-dimensional scaling (MDS) of the Nei distance matrix (Nei 1972, 1987) between pairs of group B samples of New Zealand fiords and its 
associated stress value (PRIMER v5, Clarke et al. 2001). Outgroups: 16-SB and 18-0T. 
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3.5.1 Isolation by distance 
We estimated isolation by distance among group B samples using pairwise Nei's 
standard genetic distance and geographic distance along the open sea and fiord 
coastline. No significant relationship between genetic and geographic distance was 
observed within the group B (p > 0.05, Mantel test, data not shown), suggesting that 
isolation by distance does not play a significant role in the genetic differentiation among 
group B. 
4 Discussion 
Genetic differentiation was detected for the sea urchin E. chloroticus among fiord sites 
as well as between fiord and open coast locations. Multilocus analysis of six 
microsatellite markers revealed a restriction of gene flow between two groups of sea 
urchin samples in the fiords. One group consisted of most of the inner samples and the 
other most of the outer samples. The differentiation between the two groups may have 
occurred either before the recent opening of the fiords and has been followed by a 
secondary contact in the fiords, or after the recent opening of the fiords. Since the 
colonisation of the fiords, limited gene flow between E. chloroticus groups A and B has 
likely been maintained so that genetic differentiation can still be observed despite the 
large dispersal potential of this species. Within each group of samples (A and B), low or 
no genetic differentiation was observed. 
4. 1 Genetic differentiation between Group A and Group B 
Different non-exclusive hypotheses could explain the maintenance of genetic structure 
between groups A and B sampling sites in fiordland: historical/hydrological hypotheses 
acting on larval transport and ecological hypotheses acting on fitness and population 
dynamics. 
4.1.1 Historic and hydrographic input 
These data might be consistent with a scenario of an initial colonization of the fiords at 
the end of the last glacial period followed by limited larval exchange with the outer 
coast. Since then outer sites may have remained isolated from the inner sites. This 
would require a very strong retentive action of the fiord hydrography on pelagic larvae. 
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Low genetic differentiation was observed among inner sites despite the hypothetical 
lack of gene flow. This genetic continuity and integrity may pre-date the opening of the 
fiords. This would imply a recent and unique colonization of the fiords leaving 
insufficient time for populations to differentiate through genetic drift. This hypothesis 
has been proposed to explain patterns of differentiation observed in allozyme studies of 
other species in the fiords (the black coral Antipathes fiordensis, Miller 1997; the 
brachiopod Terebratella sanguinea, Ostrow et al. 2001; the eleven armed sea star 
Coscinasterias muricata, Skold et al. 2003). However, all samples (inner and outer 
samples of the fiords and outgroups) showed a comparable range of relatively high 
heterozygosity (Sign test for unbiased heterozygosity ~H, data not shown), suggesting 
that none of the populations underwent a recent bottleneck or founder event. Even so, 
loss of heterozygosity depends of the severity of bottleneck and the rate of recovery as 
measured by reproductive potential, which should be high in free spawning species with 
pelagic larvae such as E. chloroticus. 
4.1.2 Local adaptation 
On the other hand, the observation of significant divergence of Long Sound from the 
rest of group A does suggest more isolation and genetic drift in this fiord, where the sill 
is shallow and estuarine circulation strong, than in other fiords. The lack of genetic 
differentiation observed among other group A locations using highly polymorphic 
neutral markers is thus likely the consequence of a potential for larvae to disperse 
among the fiords rather than the outcome of insufficient time for populations to drift 
apart. In absence of strong physical barrier to gene flow, groups A and B may have 
become or be maintained differentiated due to local selection regimes. Fiords are largely 
influenced by freshwater input and associated strong environmental gradients. Genetic 
variation between the two groups corresponds to two habitat types, therefore, the 
observed genetic difference between group A and group B samples may be maintained 
by or be a direct result of local adaptation of sea urchin populations amongst these 
habitats without any restriction in gene flow. Investigating this model is the focus of 
Chapter IV. 
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4.2 Genetic differentiation within group A 
4.2.1 Historic input 
Older habitats are thought to accumulate higher genetic diversity through persistent 
accumulation of alleles (through mutations and migration). No correlation was found 
between the age of the fiord and the genetic heterozygosity of E. chloroticus fiord 
samples. This might suggest that some of the fiords represent more open systems to 
migration than others and might accumulate more alleles without any correlation to their 
age. However, genetic diversity is also affected by population sizes, unpredictable 
nature of larval recruitments and potential extinction events which would decrease the 
observed heterozygosity independently of age and migration. 
No relationship was observed between habitat age and degree of genetic difference, 
suggesting that genetic structure observed between samples does not reflect the time of 
colonisation of each fiord. It is feasible that the fiords of different age may have been 
colonised by genetically different populations, larval dispersal might not be strongly 
restricted in the fiords, allowing migration and multiple colonisation events to occur and 
since colonisation, other factors may have shaped the genetic structure. 
4.2.2 Hydrographic input 
Low genetic differentiation was observed among group A sites suggesting that gene 
flow might be slightly restricted due to the effect of hydrographic features in some of 
the fiords. Effective freshwater depth (EFD), along with very shallow sill depth at the 
entrance of the fiord, likely determines the strength of the estuarine circulation and is 
expected to limit larval exchange among fiords. Although a trend was found between 
EFD and genetic divergence, it was primarily due to Long Sound (15-PRZ and 15-LG) 
which uniquely has a very shallow sill combined with a large input of freshwater. These 
results suggest that restriction of gene exchange may be only detectable in cases of very 
shallow sill and long retention time. As Long Sound is the outlier for both freshwater 
input and sill depth, both of which influence estuarine circulation, this suggests that 
EFD and sill depth contribute to restriction of gene flow through their influence on 
larval dispersal potential. This was also observed for the sea star C. muricata in the 
fiords (Chapter V). 
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4.3 Genetic differentiation within group B 
Group B sampling sites formed a homogeneous population with open sea sampling sites 
around the South of South Island such as Otago and the West Coast. In addition to the 
estuarine circulation, several factors can influence fiordic hydrography. Tidal mixing at 
the mouth of each fiord may produce a tidal excursion of 2-4 km (Wing et al. 
unpublished data). This tidal influence may be important to larval transport, particularly 
in relatively short fiords. Hence samples close to the entrance of the fiords might be 
expected to be more similar to outer coast samples than more distant inner site samples. 
Indeed, this might be a factor that could explain the presence of inner sites such as 4-
GEO and 10-DAGG in group B. Genetic similarity between group B and open coast 
samples as far as Otago supported that E. chloroticus planktonic larvae have a large 
dispersal potential allowing gene flow over relatively large geographic scales along the 
open coast. 
4.4 Isolation by distance within group A and group B 
No isolation by distance was observed. Nevertheless, strong correlation between genetic 
and geographic distance is not expected due to the complex nature of physical barriers 
such as estuarine circulation or oceanic currents in this environment. In this case, an 
island model is more likely than a stepping-stone model of genetic differentiation in the 
fiords. Moreover, Palumbi ( 1997) noted that the precise geographic pattern of genetic 
differences varies for each species by chance and historical accident. 
4.5 Hardy-Weinberg disequilibria 
Some heterozygote deficits were observed at several loci for some samples which might 
be explained by the structure in subunits within these samples (Wahlund effect). The 
potential admixture in the samples of differentiated sub-populations are further analysed 
and discussed in Chapter IV. However, locus B14 showed consistent heterozygote 
deficiencies in almost all samples, with very large and significant estimates in some 
populations (up to 56%). These results strongly suggest the presence of null alleles at 
this locus. Studies of inheritance will be required in the future in order to falsify non-
Mendelian inheritance for at least locus B 14 ( see also Chapter II) and to have better 
confidence in the present results at this locus. 
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4.6 Conclusions 
In conclusion, the differentiation between groups A and B of E. chloroticus may have 
occurred either before the opening of the fiords and has been followed by a secondary 
contact in the fiords, or after the colonisation of the fiords. The maintenance of 
population structure in the fiord is likely to be the result of limited gene flow between 
groups A and B sites due to potential local adaptation. Within E. chloroticus group A, 
estuarine circulation might affect restriction of larval dispersal in Long Sound and hence 
have possibly a weak, undetected effect in the other fiords. Larval exchange among the 
other fiords could maintain the genetic continuity of group A. Alternatively, the 
possibility that the fiords may be physically nearly isolated, with insufficient time since 
colonisation of the fiords for populations of group A to drift apart, can not be dismissed. 




Local adaptation for Evechinus 
chloroticus in New Zealand's fiords 
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1 Introduction 
In many marine organisms, a planktonic larval stage represents the principal means of 
dispersal (Strathmann 1985). In the long term, such a mode of dispersion should 
promote random mixing of larvae of different origins and create high gene flow. 
However, several factors may be important in leading to population differentiation 
(Palumbi 1994). The first group involves factors acting directly on migration. These 
include limited dispersal ability (Waples 1987) and the effect of isolation by distance on 
a vast range of distribution (Palumbi 1992). These factors may be locally reinforced by 
oceanographic currents (Wares et al. 2001 ), the development of strong physical barriers 
such as the isthmus of Panama (Knowlton 1993) or in the past the closure of the Indo-
Pacific junction (Perrin and Borsa 2001) and habitat discontinuities (Polynesian 
archipelago, Planes et al. 1993, Arnaud 2000; anti-tropical distribution: Hilbish et al. 
2000, Daguin 2000, Sponer 2002). The second class of factors involves ecological 
constraints acting through local adaptation. In the case of local adaptation, given the 
dispersal potential of some planktonic larvae, the diversifying effects of natural 
selection must be sufficiently strong to counteract the homogenising effect of high gene 
flow among populations (Hedgecock 1986, Brown et al. 2001 ). Balance between 
migration and selection related to ecological factors might be an appropriate process of 
maintenance of genetic structure for marine organisms and it has been suggested in 
several marine species (e.g. the blue mussels, Mytilus edulis and Mytilus 
galloprovincialis, Koehn et al. 1980, Gardner 1994, Hilbish 1996, Bieme 2001; the 
teleost fish Fundulus heteroclitus, Powers et al. 1991; the barnacle Semibalanus 
balanoides Schmidt and Rand 1999, 2001, Schmidt et al. 2000, Dufresne et al. 2002; 
the sea bass Dicentrarchus labrax, Lemaire et al. 2000). However, in most of the 
studies, genes coding proteins were involved directly in the environmental gradients. 
Although selection might be strong, in the presence of gene flow, recombination 
between loci directly selected and neutral loci breaks down allelic combinations. 
Therefore, only loci directly involved in the local adaptation should show a pattern of 
differentiation (Slatkin 1987), unless a genetic barrier to gene flow has been erected 
(Barton and Hewitt 1985, 1989). However, selection can have direct or pleiotropic 
effects on reproductive isolation. In the case of local adaptation, adaptation of 
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individuals for a habitat can lead to assortative mating when mating is limited within 
this habitat, within similarly adapted individuals. 
Here we focus on the impact of habitat constraints on genetic differentiation in the sea 
urchin Evechinus chloroticus in the New Zealand fiords. In the previous chapter, two 
genetically distinct groups of samples corresponding to two habitat types were revealed: 
one group included samples mostly from inner sites of the fiords (group A), and the 
second group comprised samples mostly from the outer sites (group B). Little genetic 
structure was observed within each of these groups. Genetic differentiation may be 
maintained by environmental selection regimes such as disturbance. For example, in the 
fiords, wave exposure can be strong at outer sites, whereas inner regions are highly 
sheltered. Fiords are strongly influenced by freshwater input, resulting in steep 
longitudinal environmental gradients. Freshwater input varies along each fiord, 
determining the depth of the surface low salinity layer (LSL) and the salinity at each 
site. Typically the depth of the LSL decreases and salinity increases towards the mouth 
of the fiords. Reduced illumination, caused by the LSL in the shallow subtidal 
environments, limits macroalgal growth (S. Miller unpublished data). The assemblage 
of kelps found in the outer sites of the fiords does not extend far into the fiords where, 
below the LSL, the dominant macroalgae are commonly Codium spp. and crustose 
corallines. These restrictions on algal productivity in the inner fiords result in reduced 
grazmg opportunity and poor nutritional quality for E. chloroticus populations that 
inhabit these areas. Nevertheless, E. chloroticus populations persist in these 
environments (Wing et al. 2001, Wing et al. 2003). Because of the strong 
environmental gradients along the fiords, genotype-specific mortality of certain stages 
of the life cycle of E. chloroticus could contribute to genetic differentiation (Johnson 
and Black 1984, Hedgecock 1986, Koehn and Hilbish 1987, Schmidt and Rand 1999). 
The genetic differentiation between the two groups of E. chloroticus was found using 
supposedly unlinked microsatellite markers (Appendix III) which are regarded as 
selectively neutral. Due to recombination, neutral markers should not be directly 
affected by selection and provide an unbiased estimation of the level of gene flow. 
Therefore, this study showed limited genetic exchange between E. chloroticus groups A 
and B despite ample opportunity for larvae to disperse between sites. In the absence of 
strong physical barriers to larval dispersal, this suggests that genetic barriers may play a 
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part in creating microsatellite regional divergence. Genetic barriers within E. 
chloroticus populations might have appeared due to parapatric (White 1968) or allo-
parapatric (Mayr 1963, 1970) divergence. The barrier might be pre-zygotic, such as 
larval habitat choice, gamete incompatibility (Palumbi 1999), spawning asynchronism 
(Lamare et al. 2002), assortative mating; or post-zygotic such as disruptive selection or 
reduced hybrid fitness (Mayr 1970). 
In order to understand how patterns of gene flow arise and are maintained among E. 
chloroticus populations, we attempted to assess the effects of potential selection 
regimes. 
(i) We verified whether the genetic differentiation observed using a multilocus 
estimator could be observed at each of the six neutral loci analysed in order 
to refute the possibility of the linkage of one locus with a trait under direct 
selection, 
(ii) We investigated the effect of environmental characters of the fiords on the 
allele frequency distribution and mean test diameter of E. chloroticus 
samples, 
(iii) We attempted to assess the possibility and pattern of interbreeding between 
individuals from the differentiated groups A and B using analyses of 
departure of the samples from Hardy-Weinberg and linkage equilibria, 
(iv) We discussed the likelihood of the different scenarios that could explain the 
pattern observed: the parapatric and the allo-parapatr.ic hypotheses of 
divergence. 
2 Materials and Methods 
The genetic structure of E. chloroticus was analysed using 6 microsatellite loci (Chapter 
III). Study sites are reiterated in Fig. 1. Two genetic groups were revealed: one 
comprised samples mostly from inner fiord sites (Group A), and the second comprised 
most of the outer sites (Group B) (Table 1). 
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Table 1: Evechinus chloroticus. Study sites within the fiords and around the New Zealand South Island 
grouped according to their genetic composition. Inner/ Outer give the relative location of the sites from 
the open ocean. Fiordic populations are numbered according to decreasing latitude from 1 to 15, 16 to 18 
are the three sites around the New Zealand South Island. 
Sample 
Location Inner/Outer size 
Group A 
1-MIL Milford Sound Inner 40 
3-BL Bligh Sound Inner 35 
5-CASO Caswell Sound Outer 40 
5-CAS Caswell Sound Inner 38 
6-CHS Charles Sound Inner 30 
7-NAN Nancy Sound Inner 39 
8-CH Thompson Sound Inner 39 
9-RH Doubtful Sound Inner 39 
9-EP Doubtful Sound Inner 40 
9-0Z Doubtful Sound Inner 40 
9-LIZ2 Doubtful Sound Inner 39 
9-HA Doubtful Sound Inner 37 
11-BSVO Breaksea Sound Inner 39 
11-BSV Breaksea Sound Inner 39 
12-WJO Wet Jacket Sound Inner 40 
12-WJ Wet Jacket Sound Inner 40 
13-GRLO Crayfish Island, Dusky Sound Inner 38 
13-GRL Nine Falls Pass, Dusky Sound Inner 28 
14-CHK Chalky Sound Inner 39 
15-PRZ Preservation Inlet, Long Sound Inner 40 
15-LG Long Sound Inner 39 
Outgroups A 
17-STI Patterson Inlet, Stewart Island Outgroue 34 
GroupB 
1-MILO Milford Sound Outer 39 
2-PB Poison Bay Outer 40 
3-BLO Bligh Sound Outer 26 
4-GEOO George Sound Outer 40 
4-GEO George Sound Inner 38 
8-SH Thompson Sound Outer 39 
9-CC Doubtful Sound Outer 40 
10-DAGG Dagg Sound Inner 40 
Outgroups B 
16-SB Smooth water Bay, South Island West Coast Outgroup 43 
18-0T ____ Green Island, Otago Outgroup 38 
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Figure 1: Evechinus chloroticus. Study sites within the fiords and around the New Zealand South Island. 
Fiordic populatiqns are numbered according to decreasing latitude from 1 to 15, 16 to 18 are the three 
sites around the New Zealand South Island. 
2. 1 CRT-MCA and formation of synthetic alleles 
The description of relationship between allele frequency and ecological characteristics 
is generally restricted to single allele analysis. In order to solve this problem and to 
correlate the genetic difference observed between groups A and B with abiotic and 
biotic features of sample sites, alleles at a single locus were pooled into two synthetic 
alleles, each characteristic of one group. Alleles were assigned to one of the two groups 
according to their coordinates on a CRT-MCA axis which describes the differentiation 
between the groups, as described in Daguin et al. (2001 ), Bieme (2001) and explained 
in more details below. Hardy-Weinberg and linkage equilibria were estimated using the 
new bi-allelic loci, which was equivalent to the examination of genetic mixing between 
groups A and B. Distribution of the two synthetic alleles in the samples also permitted a 
better visualisation of the sample composition. 
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Guinand (1996) showed that CRT-MCA (Constant Row Total-Multiple Correspondence 
Analysis or AFC, Analyse Factorielle des Correspondences) allows estimates of the 
degree of population differentiation by studying the variability of the distribution of 
allele frequencies in different samples. The eigenvalues associated with each axis of the 
multidimensional plot represent an estimation of the mean multilocus FsT (mean 
differentiation) related to the given factorial axis. The principal characteristic of the 
CRT-MCA is that two factorial plots can be superimposed ("joint scaling"). In the 
superimposition, the association of an allele to a cluster of samples is directly 
proportional to the diagnostic nature of that allele for that sample. However, it is 
necessary to consult the contribution estimates of each allele before assuming such 
correspondences. In CRT-MCA, variances are not proportional to the distance between 
a sample and the origin and the observation of the contribution is necessary for the 
interpretation. CRT-MCA was performed for E. chloroticus samples in order to identify 
the principle alleles contributing to the difference between groups A and B and assign 
these alleles to one of the two groups. CRT-MCA tends to increase the weight of rare 
alleles. Such rare alleles create a distortion on the factorial coordinates of samples and 
alleles. Therefore, alleles whose frequency was less than 5% in the total sample were 
considered as missing data. Correspondence analysis on the matrix of allele counts per 
sample was performed using the procedure AFC in the software GENETIX (Belkhir et 
al. 2001). 
2.2 Single-locus genetic structure between groups A and B 
The degree of genetic divergence between the two groups of E. chloroticus samples in 
the fiords for each locus was determined by estimation of pairwise Wright's FsT-values 
(Wright 1969) using the 8 parameter of Weir and Cockerham (1984) (Appendix V). 8 -
values were tested by permutations (1000 permutations of individuals in the total 
sample) using the program FST ATS in the software GENETIX (Belkhir et al. 2001) 
(Appendix V). The observed value was significantly different from zero when the 
probability p = (n+ 1)/(N+ 1) (where n is the number of pseudo-values greater or equal to 
the observed value and N, the number of permutations (Sokal and Rohlf 1996)) is 
smaller than 5%. As a large number of tests were run simultaneously, a sequential 
Bonferroni correction was performed (Rice, 1989) on a =5%. 
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2.3 Physical and biological characteristics of the sites 
A number of physical and biological data were collected at each sampling site in order 
to attempt to correlate genetic structure with complex environmental characteristics of 
the fiords. These data were collected and analysed by Dr. Stephen Wing, Department of 
Marine Science, University of Otago. 
2.3.1 Biotic variable 
Mean test diameter 
Mean test diameter within each site was estimated to provide information on size 
structure and nutritional history of E. chloroticus samples (Wing et al. 2001 and Pers. 
Comm.). The mean diameter of sea urchins sampled in this study provides a measure of 
stable size distributions with size specific growth and mortality in equilibrium (Smith 
1998, Wing et al. 2001). Wing et al. (2003) suggested that mean size was similar to Loo 
in the growth function and that mean test diameter reflects growth limitation among 
samples. Wing et al. (2001) showed a strong and significant relationship between mean 
test diameter and gut calorific contents of fiordic E. chloroticus using Aristotle's lantern 
index, growth and data on calories in diet, suggesting that the differences in mean test 
diameter could be explained by nutritional history. 
These data suggest that the differences between populations in terms of size structure 
are influenced by extrinsic factors such as food quality and quantity (see Lamare and 
Wing 2001 ). That is we are observing phenotypic plasticity in these populations. 
(Lamare and Mladenov 2000, Stephen Wing pers. comm.) Phenotypic plasticity has 
been observed in many populations of sea urchins (e.g. Ebert 1996, Russell 1998). 
However emergence of the pattern does not rule out the effect of intrinsic influences on 
life history characteristics. For example, Vadas et al. (2002) observed two sympatric 
growth morphs in a population of the green sea urchin (Strongylocentrotus 
droebachiensis) from the Gulf of Maine, USA. Their analysis suggested the mixing in 
this location of two genetically distinct populations. Therefore, growth rate might also 
be the result of genetic differences. However, genetic differences were not quantified. 
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2.3.2 Abiotic variables 
Physical characteristics of the fiord sites and associated biological communities (habitat 
type) was characterised by a number of variables such as distance from the open ocean, 
percentage of algal cover, effective freshwater depth, wave exposure, temperature, 
salinity, slope and aspect. They were analysed using a Geographical Information 
System (GIS) visualisation of the fiords. Data collected in this GIS were derived from 
diving observations and Conductivity Temperature and Depth surveys (CTD) 
throughout the fiords (Wing et al. 2001, Smith 2001, Wing et al. 2003, Wing and Smith, 
unpublished data). 
Distance to the outer coast 
Distance is the linear distance (km) of the sites from the outer coast measured from the 
site to a line across the entrance of the fiord. 
Percentage algal cover 
Multi-layered kelp forest can be found at the entrance of the fiords. However, this 
assemblage of kelps does not extend deeper into the fiords, probably resulting in low 
food availability for E. chloroticus (Wing et al. 2001 ). This characteristic is estimated 
by the percentage of algal cover at each site. Percentage of algal cover at each site was 
quantified using a stratified series of quadrats. For each of the sites, quadrats were 
randomly placed in the depth zone of 0-5 m 5-10 m and 10-15 m. Percentage cover and 
species composition of macroalgae was characterised by either a random dots method in 
a 1/4 m2 quadrat or by direct counts in the large 1 m2 quadrat. 
Effective freshwater depth (EFD) 
Effective freshwater depth represents the integrated thickness of the surface freshwater 
layer (LSL) at each site over time. EFD is a good proxy for the strength of the estuarine 
circulation (Gibbs et al. 2000). As such, EFD might also be related to three different 
features of the fiord environment: larval dispersal potential ( see Chapter III and V), food 
availability and salinity. Effective freshwater depth was calculated by: 
EFD=-z
0
+-f p(z)S(z)dz, where zo equals the depth of the salinity reference So (34 
o PoSo 
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Wave exposure (WE) 
Wave exposure is calculated as a simple index of the exposure to open ocean swell. This 
was calculated as: 
Cos(8 -8 )-Cos(8 -8 ) 
WE = 1 c 2 c , where 81 is the southern angle of exposure, 82 is the 
northern angle of exposure, 8c is the angle of the coast. In this index we assume the 
effects of refraction and shoaling to be minimal and we assume that wave energy comes 
from all directions. While both of these are dramatic simplifications of the environment, 
the sharp topography and narrow entrances of the fiords allow for these assumptions. 
Presently work is under way to improve the wave model with a Kirby and Dalrymple 
(1983) combined refraction/diffraction regional wave model to produce a regional wave 
exposure layer. This model incorporates some of the important processes leading to 
spatial variability in the wave climate including shoaling, refraction, energy dissipation 
and diffraction. 
Temperature and Salinity 
Surface temperature and surface salinity were derived from extensive fine scale (2 k m 
resolution) CTD surveys collected during 1998 and 1999 on the Department of 
Conservation's MV Renown. In each case CTD casts were taken throughout the fiords 
with an SBE 19 pumped CTD. Postprocessing of the data followed standard Seabird 
procedures and data are reported as averages from the surface. Both temperature (°C) 
and salinity are reported as averages from the top 2 m of the water column. 
Slope 
The vertical nature of the fiord walls hinders the accumulation of detritus and other 
loose substrates. Areas dominated by sand, detritus and broken shell fragments are 
generally found along low angled slopes. Cobble is also generally only associated with 
areas of low slope and may be covered with crustose coralline algae. Slope at each site 
was calculated within the GIS using bathymetric data derived from LINZ data sets. 
Aspect 
Aspect provides an estimation of the possible exposure to light due to the direction that 
a fiord wall faces e.g. northfacing or southfacing. 
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2.4 Regressions 
Regression analyses were performed in order to estimate the effect of biotic/abiotic 
variables on variation of synthetic allele frequency. Due to the indirect effect of 
selection on neutral markers, allele frequency of the micro satellite loci are not expected 
to follow a continuous gradient or clines in relation to environmental variables. 
However, significant regression should still be observed if allele frequency changes in 
relation to any environment variable. 
2.4.1 Correlation between variables 
The correlations between biotic/abiotic variables were calculated using EXCEL R. The 
threshold of 80 % of correlation, used in ecology, was chosen arbitrarily to define the 
dependence between two predictors. 
2.4.2 Linear regression analysis 
For identification of associations between synthetic allele frequency and single 
abiotic/biotic factors, linear regression analyses were performed in SPSS (SPSS Inc. 
1989-2002). 
2.4.3 Multiple linear regression analysis 
The relationships between possible combinations of biotic/abiotic variables and 
synthetic allele frequencies were tested using best-subsets regression in Sigmastat 
(SPSS Inc. 1992-1997). The best-subsets procedure tests all possible linear models, 
combining variables (predictors), and ranks the models according to pre-set criteria. The 
procedure is superior to other techniques (e.g. stepwise regression) in that it is not 
sensitive to the order in which predictors are entered into the model (Harraway 1995). 
The best model was the one maximising the adjusted r2 value while not introducing 
significant multicollinearity (e.g. variation inflation factor > 4). The best subsets also 
allowed the observation of non-linear relationships. 
2.5 Analysis of variance (ANOVA) 
Differences between group A and B ecological habitats were characterised by analysis 
of variance (ANOV A). Differences in mean value of biotic/abiotic variables between 
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each variable and its 95% confidence interval was plotted for each group using 
EXCEL R. ANOV A did not provide any direct information on the effect of the variables 
on the allele frequency. A variable may affect the allele frequency distribution of 
synthetic alleles without presenting a significant difference between the two types of 
habitat due to the variance of the variable within each group. Indeed, ANOV A is more 
sensitive to inequality of variance and size between samples, which is likely to be the 
case in this analysis, as "replicates" for each group were collected at different sites and 
groups A and B comprised a different number of samples. 
2.6 Hardy-Weinberg and linkage disequi/ibria 
The following analysis was performed on samples composed of the synthetic alleles A 
and B. Pairwise associations between genomes (Fis, Hardy-Weinberg disequilibrium) 
were estimated by f (Weir and Cockerham 1984) and their significances tested by a 
permutation test (1000 permutations of alleles within each sample) using the program 
GENETIX (Belkhir et al. 2001) (Appendix V). 
Pairwise associations within genomes (linkage disequilibrium) within populations were 
detected using the program GENETIX (Belkhir et al. 2001 ). This procedure follows the 
algorithms of Black and Krafsur (1985). The observed parameters were tested in 
comparison to zero by x2 approximations (Weir 1979). Significance of linkage 
disequilibria were also tested (advised in Genetix as complementary test) by 
permutations using the program GENETIX (Belkhir et al. 2001 ). One thousand pseudo-
values were computed by permutation of genotypes within each sample. 
The observed values were significantly different from zero when the probability, p = 
(n+ 1)/(N+ 1) (where n is the number of pseudo-values greater or equal to the observed 
value and N, the number of permutations (Sokal and Rohlf 1996)) is smaller than 5%. 
As a large number of tests were run simultaneously, a sequential Bonferroni correction 
was performed (Rice, 1989) on a =5%. 
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3 Results 
3.1 CRT-MCA and formation of synthetic alleles 
CRT-MCA was performed on the total microsatellite data set in the fiords (excluding 
those alleles less frequent than 5% in the total sample) in order to determine which 
alleles were the principal contributors causing the differentiation between the two 
groups (Table 2). The first two components explained 33.30% of the total variation and 
were able to distinguish group A from group B samples (Fig. 2). The eigenvalue of the 
first axis was 0.022, which represented an estimation of the mean multilocus Fsr on the 
first axis. The eigenvalue of the second axis was only 0.008 and no relevant genetic 
structure was observed along this axis. 
Table 2: Relative contributions of the alleles and samples ranked in decreasing order to the two first 
factorial axes of the CRT-MCA. 
Locus Allele Contribution Population Contribution 
Axis 1 Axis2 Axis 1 Axis2 
G29 101 0.930 0.004 10-DAGG 0.549 0.039 
G29 104 0.538 0.106 4-GEOO 0.524 0.000 
C1 144 0.397 0.073 1-MILO 0.509 0.012 
G29 106 0.343 0.056 2-PB 0.402 0.011 
A34 120 0.259 0.045 9-CC 0.392 0.110 
C1 104 0.187 0.005 8-SH 0.390 0.049 
C29 102 0.168 0.144 9-HA 0.380 0.005 
B14 100 0.162 0.201 15-LG 0.358 0.000 
A34 128 0.145 0.004 4-GEO 0.354 0.199 
C1 122 0.142 0.035 3-BLO 0.344 0.010 
C29 104 0.139 0.101 8-CH 0.343 0.079 
A34 116 0.137 0.101 14-CHK 0.315 0.086 
C1 126 0.132 0.147 1-MIL 0.271 0.001 
A34 106 0.101 0.040 13-GRL 0.257 0.009 
C1 118 0.091 0.374 5-CASO 0.201 0.010 
A34 118 0.086 0.007 15-PRZ 0.141 0.442 c, 
C1 132 0.083 0.028 5-CAS 0.133 0.023 
B14 102 0.075 0.134 9-0Z 0.096 0.023 
C1 112 0.065 0.271 11-BSVO 0.056 0.118 
C1 108 0.060 0.058 3-BL 0.041 0.266 
AAT42 106 0.059 0.001 9-LIZ2 0.030 0.231 
C29 112 0.044 0.100 12-WJ 0.019 0.585 
C1 116 0.039 0.001 13-GRLO 0.010 0.067 
A34 124 0.036 0.070 6-CHS 0.007 0.026 
A34 122 0.013 0.022 12-WJO 0.006 0.048 
C1 124 0.013 0.016 7-NAN 0.003 0.044 
C1 120 0.003 0.355 11-BSV 0.000 0.302 
C29 106 0.001 0.458 9-RH 0.000 0.123 
AAT42 109 0.000 0.028 9-EP 0.000 0.008 
C29 100 0.000 0.008 
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Figure 2: Plot of the samples and alleles defined by the two first factorial axes of the CRT-MCA. Circles 
represent the alleles and squares represent the samples. In grey, group A samples and alleles. In black, 
group B samples and alleles. 
Axis 1 of the CRT-MCA reflected the allele frequency gradient between groups A and 
B. Therefore, the position of alleles on Axis 1 and their relative contributions to this 
axis indicated which alleles were responsible for the differentiation between the two 
groups (Table 3). Alleles were distributed along the first axis, from alleles characteristic 
of group A (G29 101 for the most frequent and contributing allele) to alleles 
characteristic of group B (Cl 104, G29 104). Alleles C29 100, AAT 42 109 and A34 
104 did not contribute to the differentiation observed on this axis. This led us to 
consider that all alleles with coordinates inferior to -0.004 (C29 100 coordinate) along 
Axis 1 were characteristic of group A and were pooled to form a synthetic allele A; and 
inversely, alleles with coordinates superior to 0.005 (A34 104 coordinate) were 
characteristic of group B and pooled to form a synthetic allele B. It is worth noticing 
that with this method, no a priori grouping of samples is used for the definition of the 
synthetic alleles, avoiding the circularity of the following analyses of group A and B 
samples. Only allele AAT42 109 was pooled into the synthetic allele A according to its 
frequency distribution between groups A and B. 
Alleles which were not used in the CRT-MCA (whose frequency was less than 5% in 
the total sample) were considered as missing data. Sum of frequencies of synthetic 
alleles A and B for each locus was therefore brought to 1. 
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Table 3: Pooling of alleles in two synthetic alleles per locus according to their coordinates and 
contributions on the axis I of the CRT-MCA. A: alleles pooled as synthetic allele A; B: alleles pooled as 
synthetic allele B. 
Locus Allele Stnthetic allele Coordinate 1 Contribution 1 
G29 101 A -0.560 0.930 
C1 144 A -0.293 0.397 
A34 128 A -0.239 0.145 
C29 104 A -0.124 0.139 
C1 132 A -0.116 0.083 
A34 118 A -0.113 0.086 
C1 118 A -0.109 0.091 
C1 108 A -0.103 0.060 
814 100 A -0.099 0.162 
A34 116 A -0.098 0.137 
C1 116 A -0.097 0.039 
C29 112 A -0.092 0.044 
C1 120 A -0.035 0.003 
C29 100 A -0.004 0.000 
AAT42 109 A 0.001 0.000 
A34 104 8 0.005 0.000 
C29 106 8 0.011 0.001 
A34 122 8 0.020 0.013 
814 102 8 0.023 0.075 
AAT42 106 8 0.044 0.059 
A34 124 8 0.060 0.036 
C1 124 8 0.063 0.013 
C29 102 8 0.071 0.168 
G29 106 8 0.113 0.343 
C1 112 8 0.130 0.065 
A34 106 8 0.159 0.101 
C1 122 8 0.171 0.142 
A34 120 8 0.190 0.259 
C1 126 8 0.194 0.132 
G29 104 8 0.217 0.538 
C1 104 8 0.320 0.187 
3.2 Single-locus structure between groups A and B 
Significant genetic differentiation between the two groups was observed with the total 
data set for loci C29, Cl and G29 (Table 4). The other three loci Bl 4, A34 and AAT42 
failed to show any significant structure. After pooling the alleles, significant genetic 
difference between the two groups was observed for loci C29, Cl, A34 and G29 (Table 
4). The two loci BI4 and AAT42 failed to show any significant structure. Therefore, 
loci BI4 and AAT42 were considered as uninformative in the following analyses. A 
strong differentiation was defined between group A and group B samples with the locus 
G29, however more stochastic distributions were observed at the other loci. 
Distribution of the synthetic alleles over the four informative loci in each sample was 
calculated and presented in Fig. 3. 
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Table 4: 8-values (Weir and Cockerham 1984) between groups A and B of the fiord samples for the total 
data set and after pooling alleles into two synthetic alleles per locus. p = ( n+ 1 )/(N+ 1 ), where n is the 
number of pseudo-values greater or equal to the observed value processed by 1000 permutations and N, 
the number of permutations (Sokal and Rohlf 1996). In bold, significant 8- estimates after Bonferroni 
correction for a= 0.05 (Rice 1989). 
8 C29 
Total data set 0.003 
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Figure 3: Frequency diagrams of synthetic alleles A and B over the four informative microsatellite loci 
per sample. In grey: synthetic allele A; in black: synthetic allele B. 
3.3 Regression 
None of the physical and biological variables were found correlated by more than 80% 
suggesting that all variables could be considered independent (Table 5). 
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Simple linear regressions were performed between synthetic allele frequency at each 
locus and abiotic/biotic variables (Table 6). Overall, mean size, percentage algal cover, 
wave exposure, temperature and salinity were negatively correlated to the synthetic 
allele A frequency . Distance to the open coast, effective freshwater depth, slope and 
aspect were positively correlated to the synthetic allele A frequency. Across all loci, the 
synthetic allele frequency for one or more of the four informative loci was significantly 
correlated to mean size, distance to the open coast, percentage algal cover, effective 
freshwater depth, wave exposure and slope. 
Simple linear regression analysed one variable at a time and did not provide any 
information on the effect of combinations of variables. 
3.4 Multiple regression 
Correlations between the biotic/abiotic variables were low enough to allow the use of a 
best-subsets regression procedure (Table 5). Best-subsets regression models sought to 
explain genetic variation using multiple variables. The best-subsets of the variables 
achieved better explanatory power than the single regressions, with adjusted r2 ranging 
from 0.148 to 0.505 (Table 7). No non-linear relationship was observed in any of the 
models analysed. The model for locus C29 included effective freshwater depth, 
temperature, salinity and aspect. Locus C 1 was related to the combination of mean size, 
salinity and aspect. Locus 029 was related to a combination of mean size, effective 
freshwater depth, wave exposure and aspect. The model for locus A34 included distance 
to the open coast and temperature. Over all four loci, the allele frequency gradient 
between A and B was best predicted by a combination of mean size, distance to the 
outer coast, effective freshwater depth and slope. 
Some variables featured poorly in the models (very low correlation coefficient, <0.001 , 
not significant). However the adqition of these variables in the best fit model improved 
the explanatory power of the combination of informative variables. Such variables were 
slope and aspect. 
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Table 5: Pearson's correlation coefficients ~r2l between Eredictors calculated in ExcerR. All Eredictors are considered indeEendent ~r2 < 0.800l. 
Correlations Mean Size Distance % Algal Cover EFD WE Teml!erature Salinity SloJ!e ASJ!eCt 
Mean Size 1 
Distance -0.682 1 
% Algal Cover 0.592 -0.587 1 
EFD -0.337 0.495 -0.459 1 
WE 0.349 -0.477 0.374 -0.290 1 
Temperature -0.201 0.180 -0.034 -0.528 -0.179 1 
Salinity 0.120 -0.400 0.182 -0.734 0.106 0.358 1 
Slope -0.220 0.378 -0.581 0.310 -0.435 0.055 -0.063 1 
AsE.ect 0.062 0.254 -0.037 0.125 -0.155 0.008 -0.113 0.231 1 
Table 6: Pearson's correlation coefficients (r2) between synthetic allele A frequencies at each locus (and overall) and biotic/abiotic variables calculated in SPSS (SPSS Inc. 1989-
2002l. In bold, si~nificant correlation coefficient for a= 0.05. 
% Algal 
Mean Size Distance Cover EFD WE Temperature Salinity Slope Aspect 
r2 /!_ r2 /!_ r2 /!_ r2 /!_ r2 I!. r2 I!. r2 /!_ r2 I!. r2 /!_ 
C29 0.079 - 0.174 0.030 0.051 - 0.037 - 0.051 - 0.157 - 0.001 - 0.080 - 0.057 -
Cl 0.318 0.002 0.342 0.001 0.121 - 0.160 0.048 0.055 - 0.006 - 0.175 0.038 0.046 - 0.075 
G29 0.375 0.001 0.343 0.001 0.290 0.004 · 0.297 0.005 0.267 0.006 0.018 - 0.088 - 0.135 - 0.047 -
A34 0.124 - 0.218 0.014 0.152 0.044 0.165 0.044 0.039 - 0.092 - 0.094 - 0.087 - 0.006 -
A4 0.387 0.001 0.460 0.000 0.268 0.006 0.272 0.008 0.180 0.027 0.000 - 0.121 - 0.149 0.047 0.060 -
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Table 7: Adjusted best-subsets regressions coefficient (Adj. R) for each locus (and overall) related to the variables modelised in Sigmastat (SPSS, fuc. 1992-1997). fu bold, 
siSinificant correlation coefficient for a= 0.05 for best-subsets model and sinSile variable in the models. 
Adj.R Mean Size Distance % Algal Cover EFD WE Tem~erature Salinity . Slo~e As~ect 
C29 0.337 0.096 0.058 0.005 0.000 
Cl 0.450 -0.003 -0.006 0.000 
G29 0.505 -0.003 0.077 -0.087 0.000 
A34 0.281 0.007 -0.034 
A4 0.490 -0.001 0.004 0.027 0.001 
Table 8: Analysis of variance (ANOVA) ofbiotic/abiotic variables from habitat A (group A sites) and habitat B (group B sites) calculated in ExcelR. p probability associated with the 
ANOVA test of null hypothesis of means from two samples being equal. In bold, significant mean difference for a= 0.05. 
A-B 
p 
Mean Size Distance % Algal Cover EFD WE Temperature Salinity Slope Aspect 
0.000 0.002 0.018 0.076 0.000 0.607 0.255 0.140 0.328 
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3.5 Analysis of variance (ANOVA) 
Significant differences between group A samples' habitat (habitat A) and group B 
samples' habitat (habitat B) were observed, using analysis of variances, for mean size, 
distance to the outer coast, wave exposure and percentage algal cover (Table 8). No 
significant difference in effective freshwater depth was observed between habitat A and 
B (Table 8). 
3.6 Hardy-Weinberg and linkage disequilibria 
Hardy-Weinberg and linkage disequilibria were estimated using the two synthetic 
alleles for each locus in order to focus on genetic mixing between the two groups 
(associations between genomes A and B) (Table 9). 
Some slight heterozygote deficiencies were observed but only one population (3-BLO) 
showed a significant deviation from Hardy-Weinberg equilibrium after sequential 
Bonferroni correction. This result suggests that 3-BLO might represent an admixture of 
individuals from the two groups (Wahlund effect). Unlike the Wahlund effect which can 
be eroded by single generation of random mating, linkage disequilibrium between a pair 
of loci decays gradually, and permits the detection of historic admixtures. Significant 
linkage disequilibria ( after sequential Bonferroni correction) were observed on the 
overall pairwise loci analysed at the samples 5-CAS and 11-BSV. No significant 
heterozygote deficiency was observed in these samples after Bonferroni correction. 
In addition, it is worth noticing that both samples 3-BLO and 9-CC showed three 
significant loci-pairs linkage disequilibria out of six and a significant multilocus 
heterozygote deficiency (before or after Bonferroni correction). Thus, these samples 
may have higher proportions of loci-pairs with linkage disequilibrium than one would 
expect by chance. This observation might, as suggesting already for 3-BLO before, 
represent an indication of admixture of groups A and B in these samples. 
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Table 9: Genotypic structure in the fiord samples. Statistics are given for the synthetic two alleles for each locus.f associations between genomes (Hardy-Weinberg disequilibria). 
CORR: correlation or associations within genomes (linkage disequilibria ). p = ( n+ 1 )/(N+ 1 ), where n is the number of pseudo-values greater or equal to the observed value processed 
bl 1000 eermutations andN, the number ofeermutations !Sokal and Rohlf 19962. In bold, si~nificant value after Bonferroni correction on a= 5% !Rice 19892. 
TOTAL C29 Cl G29 A34 C29-Cl C29-G29 C29-A34 Cl-G29 Cl-A34 G29-A34 
f [!_ f [!_ f p f [!_ f [!_ COR [!_ COR [!_ COR [!_ COR [!_ COR [!_ COR [!_ 
1-MILO 0.09 -0.02 0.18 0.48 -0.01 0.17 0.17 0.32 0.02 0.38 0.03 
1-MIL 0.11 -0.14 0.07 0.35 0.17 0.33 0.33 0.05 0.10 0.52 0.02 0.06 0.14 
2-PB -0.13 -0.27 0.13 -0.26 0.31 0.18 0.30 
3-BLO 0.39 0.00 0.53 0.01 0.52 0.05 0.65 -0.06 0.38 0.02 0.44 0.00 0.12 0.50 0.04 0.31 0.35 
3-BL 0.02 0.02 0.33 -0.46 0.03 0.14 0.46 0.04 0.05 0.03 0.20 0.18 0.06 
4-GEOO -0.03 -0.24 -0.19 -0.02 0.33 0.40 0.05 0.12 0.32 0.09 0.10 
4-GEO 0.17 0.04 0.04 0.21 -0.08 0.34 0.13 0.06 0.02 0.51 0.01 0.08 0.23 
5-CASO 0.05 0.05 0.16 -0.21 0.20 0.02 0.15 0.13 0.36 0.25 0.23 
5-CAS 0.03 0.05 0.22 0.28 -0.39 0.03 0.62 0.00 0.05 0.31 0.20 0.43 0.24 
6-CHS 0.11 0.08 0.09 0.06 0.21 0.01 0.22 0.18 0.15 0.21 0.07 
7-NAN 0.06 0.08 0.22 -0.40 0.04 0.31 0.26 0.08 0.27 0.14 0.30 0.07 
8-SH 0.23 0.02 -0.05 0.23 0.00 0.60 0.00 0.24 0.04 0.05 0.08 
8-CH 0.00 -0.15 -0.17 -0.03 0.33 0.15 0.40 0.04 0.07 0.16 0.21 0.24 
9-CC 0.20 0.02 0.11 0.52 0.03 -0.11 0.07 0.39 0.02 0.12 0.38 0.02 0.46 0.03 0.33 0.33 
9-RH 0.00 0.05 0.13 -0.02 -0.18 0.07 0.39 0.05 0.41 0.03 0.13 0.34 0.03 
9-EP 0.04 0.01 0.24 -0.32 0.14 0.12 0.15 0.08 0.30 0.43 0.02 0.05 
9-0Z 0.10 0.05 0.02 0.25 0.09 0.31 0.14 0.11 0.34 0.29 0.26 
9-LIZ2 0.06 0.01 0.47 0.05 -0.32 0.05 0.28 0.15 0.19 0.19 0.30 0.01 
9-HA 0.10 0.29 -0.01 0.14 -0.05 0.19 0.02 0.14 0.08 0.03 0.11 
10-DAGG -0.12 -0.13 -0.18 0.00 -0.04 0.27 0.04 0.32 0.38 0.15 
11-BSVO 0.07 0.01 0.15 -0.13 0.20 0.29 0.10 0.25 0.28 0.21 0.00 
11-BSV 0.17 0.03 0.12 0.31 0.08 0.17 0.29 0.10 0.28 0.83 0.00 0.10 0.13 
12-WJO 0.01 -0.09 -0.07 -0.12 0.32 0.27 0.42 0.05 0.12 0.05 0.17 0.00 
12-WJ -0.03 -0.01 0.09 -0.01 -0.15 0.37 0.03 0.05 0.25 0.02 0.08 0.09 
13-GRLO -0.04 -0.13 -0.15 0.05 0.10 0.18 0.18 0.07 0.46 0.04 0.19 0.04 
13-GRL -0.01 0.08 0.09 -0.07 -0.12 0.28 0.15 0.22 0.12 0.17 0.51 
14-CHK 0.21 0.01 0.02 -0.09 0.33 0.53 0.00 0.25 0.03 0.08 0.31 0.25 0.04 
15-PRZ -0.10 -0.06 -0.18 0.00 -0.16 0.18 0.41 0.03 0.36 0.34 0.34 0.15 
15-LG 0.12 0.04 0.29 0.04 0.13 0.31 0.17 0.05 0.32 0.11 0.17 
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4 Discussion 
The presence of two genetically and ecologically differentiated groups of sea urchin 
populations in the fiords was revealed in chapter Ill. One group includes most of the 
inner populations and the other most of the outer populations. The differentiation may 
have occurred either without gene flow, in allopatry, and has been followed by a 
secondary contact ( allopatric hypothesis) or in the presence of gene flow ( sym- or 
parapatric hypothesis). The distribution of groups A and B of E. chloroticus is strongly 
correlated with the location of samples within the fiords. No genetic differentiation was 
observed among group A sites suggesting a potential for larval dispersal between fiords. 
The clear differentiation between groups A and B, on very small scales, suggests that 
differentiation may be maintained by local adaptation of the populations amongst 
different habitats. The differentiation between the two groups is observed across several 
supposedly neutral markers. Although genetic drift affects most loci in the same way, 
natural selection does not (Slatkin 1987). Natural selection would create substantial 
differences at directly selected loci, with neutral loci being relatively uniform (Slatkin 
1987). The observation of differentiation at four potentially unlinked neutral markers 
suggests the presence of a strong barrier to gene flow between the two groups. In order 
to assess the effect of environmental gradient in the fiords on groups A and B 
distribution, we correlated genetic variation with environmental and · biological 
characteristics of the fiords. 
4. 1 Relationships between allele frequencies and biotic/abiotic 
variables 
A significant effect on allele frequency distribution was detected for distance to the 
outer coast, mean size (e.g. proxy for nutritional history), effective freshwater depth, 
percentage algal cover, wave exposure and slope. Models of best-subsets showed better 
correlations to the allele frequency of each locus than single parameters, suggesting that 
a combination of variables are more likely to have influenced the allele frequency 
gradient. Models of best-subsets varied depending on the locus analysed, however when 
using all informative loci together, the best-subsets model primarily included effective 
freshwater depth, distance to the outer coast, mean size and slope. Some variables, such 
- 91 -
IV-Localada}!tation for Evecl1inus c/1/o_roticus in New Zealand's fiords 
as aspect, were not significantly related to allele frequency, when analysed alone, but 
they improved the model when included in a multiple analysis. Each of the variables 
implicated in the distribution of synthetic allele frequency indicates differences between 
(i) open coast wave washed kelp cover and (ii) inner fiord invertebrates dominated 
community. The variability of the pattern among loci related to the variables might be 
due either to genetic drift acting randomly on each locus or to the genetic distance (map 
unit distance) linking the neutral locus to a directly selected character or suite of 
differentially selected characters. 
Significant differences were detected between A and B habitats for mean size, wave 
exposure, distance to the outer coast and percentage algal cover. These findings suggest 
that these physical factors may affect the distribution of the two groups in the fiords. 
Group A is most frequently found in the inner sheltered sites of the fiords where the 
freshwater layer is deeper. These sites are also characterised by a lower percentage of 
kelp cover. Group B is generally absent from estuarine areas. This result suggests the 
existence of two ecological morphs that correspond to two habitat morphs. 
Regression and variance analyses all suggest that distance to the outer coast, wave 
exposure and food availability are probably important factors in the distribution of the 
groups. Freshwater depth was not significantly different between the two habitats, but 
showed a significant effect on synthetic allele frequency. It is difficult to determine 
exactly which factor is the most important as many showed correlated gradients along 
the fiords and can be proxy for different characteristics (e.g. distance, wave exposure, 
effective freshwater depth can also be proxies for food availability). However, one non 
fiordic sample was genetically similar to group A: Stewart Island. This site is in a sparse 
barren zone, characterised by low food availability, small mean size diameter, with little 
wave exposure. No surface freshwater layer or low salinity water are present at this site. 
Therefore, this result suggests that effective freshwater as a proxy for salinity might not 
be the main factors of selective pressure in the fiords. We can argue that food 
availability and wave exposure would maintain genetic composition at this site. 
However, numerous other unidentified factors may also affect the distribution and it 





IV-Local adaJ!tation for Evec/1inus c/1/oroticus in New Zealand's fiords 
A significant relationship was observed between mean test diameter (index of growth 
rate) and allele frequency distribution for loci Cl, 029 and over the four informative 
loci. At this stage, it is impossible to determine whether the phenotypic diversity is the 
result of phenotypic plasticity ( due to food restriction and energy allocation) or whether 
this represents a true genetic difference between group A and group B. 
Until detailed analyses of genetic variation of functional markers in controlled 
experiments are undertaken, the importance of the physical variables in determining the 
maintenance of genetic differentiation and geographic distribution of the two groups 
will remain undetermined. 
4.2 Barrier strength 
The strength of the barrier to gene flow between the two groups can be characterised by 
the potential of interbreeding between the two groups. This has been estimated by 
estimation of Hardy-Weinberg and linkage disequilibria at the new bi- synthetic allele 
loci. Admixture or interbreeding between groups A and B might be expected to occur in 
environmentally intermediate locations, and would be characterised by intermediate 
allele frequencies. According to the allele frequency distribution, no intermediate 
populations have been observed. Moreover, most populations were at Hardy-Weinberg 
equilibrium. These results suggest that no mixing or gene flow occur between the two 
groups and that no location ( except two) presents the admixture of the two groups. One 
sample (3-BLO) presented a significant heterozygote deficiency. In addition, three loci-
pairs linkage disequilibria out of six were observed in this sample as well as in 9-CC 
which also displayed a multiloci heterozygote deficiency. These samples may have 
higher proportions of loci-pairs with linkage disequilibrium than one would expect by 
chance. The results at these two sites suggest an admixture of individuals resulting in 
recruitment at these locations of larvae produced in the two different groups. Two 
samples (5-CAS and 11-BSV) presented significant associations within genome. At 
these sites, this observation may be explained as complex mixtures of several 
generations of individuals representing various degrees of interbreeding. However, no 
"pure" population sample can be defined at this stage. Some samples are likely to be 
formed by immigrants from sources of different degrees of groups A and B admixture, 
creating a large variance in Hardy-Weinberg and linkage disequilibria. Moreover, with 
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such small estimation of genetic differentiation between the two groups, the power of 
the analysis might not be sufficient to detect departure from Hardy-Weinberg. It would 
be therefore hazardous to draw further conclusions from the present results. A careful 
analysis of multiloci genotypes in 3-BLO, 9-CC and other samples will be necessary in 
the future in order to explore further the evidence of admixture. 
4.3 Local adaptation strength 
In marine species with wide larval dispersal, the potential for local adaptation is 
expected to be weak. Genetic differences across an environmental gradient are governed 
by a balance between gene flow and selection (Slatkin 1987). With extensive dispersal 
covering geographic scales larger than the range of each specific habitat (fine-grained 
sensu Levins 1968), the strength of local adaptation needs to be very strong (Slatkin 
1973). For E. chloroticus, little genetic differentiation exists among samples of each 
group, suggesting that exchange of larvae among fiords is common. Selection would 
need to be very strong to create the genetic structure observed between groups A and B. 
Moreover, local adaptation on directly selected characters does not mean that all regions , 
of the genome would be affected between ecologically distinct habitats, due to 
recombinations between adaptative genes and markers not physically linked to them. To 
explain a barrier to gene flow supported by four potentially unlinked neutral loci 
(Appendix III), the number of genes involved in the selective maintenance of 
differentiation must be large (Barton and Hewitt 1985, Barton and Bengtsson 1986) and 
result in reproductive isolation (partial or complete) between the two groups A and B. 
The acquisition of mechanisms of reproductive isolation may have occurred either in 
allopatry and has been followed by a secondary contact in the fiords ( allopatric 
hypothesis) or in sym- or parapatry within the fiords (sym- or parapatric hypothesis). 
Distinct colonisation events by differentiated populations might be suggested in the 
fiords (Chapter, III). However, E. chloroticus exhibits low levels of mitochondrial DNA 
variation within and between samples (Cecile Perrin unpublished data), suggesting a 
recent common ancestor. Due to the large dispersal potential of pelagic larvae and the 
large population sizes of marine organisms, acquisition of reproductive isolation 
through allopatry is thought to require very strong physical barriers and to be a slow 
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sea urchin is very small, and partial reproductive isolation acquired during a period of 
allopatry might not be sufficient to prevent the fusion of the two groups during their 
secondary contact (Kirkpatrick and Ravigne 2002). Therefore, isolating mechanisms in 
this species may have evolved in sym-parapatry. 
A number of mechanisms of reproductive isolation are possible: habitat specialisation is 
favoured because an ecological segregation is observed. In the case of moderately 
motile marine invertebrates, habitat specialization might be able to lead to reproductive 
isolation. Indeed, adaptation of individuals for a habitat can result in assortative mating 
since the short viability of E. chloroticus gametes increases the probability of 
fertilization between gametes originated locally, within similarly adapted individuals. 
When habitat specialization is coupled with sufficiently strong assortative mating, 
reproductive isolation is possible (Kirkpatrick and Ravigne 2002). 
However, habitat specialization may not be sufficient. Other mechanisms might be 
necessary to maintain reproductive isolation between groups A and B if environmental 
selective pressures are not strong enough to prevent adapted genotypes to recruit to the 
alternative habitat. Such mechanisms might be assortative mating through gamete 
incompatibility (e.g. echinoderms: Ward et al. 1985, Vacquier and Moy 1977, Palumbi 
1999) or due to the short viability of gametes; spawning asynchrony (Lamare and 
Stewart 1998, Lamare 1998, Brewin et al. 2000, Lamare et al. 2002); larval habitat 
choice (Lamare and Barker 2001 ); and reduced hybrid fitness. It is most likely that 
multiple mechanisms act in conjunction to maintain the two entities differentiated 
(Kirkpatrick and Ravigne 2002). For example, direct evidence of preferential 
fertilization, hybrid larval inviability and early heterosis for growth rate have been 
reported and are likely to play a role, in conjunction with habitat specialisation and 
asynchronous spawning, in the maintenance of the hybrid zone between the mussels 
Mytilus edulis and M galloprovincialis (Bieme et al. 2002). 
4.4 Taxonomic status of Evechinus chloroticus groups A and 
B 
E. chloroticus is considered as a single species of sea urchin endemic to New Zealand. 
No morphological character differences other than test diameter have been observed to 
date between group A and B populations in the fiords. Pre-zygotic mechanisms of 
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reproductive isolation between populations t and B have been little studied and have 
not been clearly observed (e.g. spawning asynchronism, Lamare et al. 2002). No "pure" 
population samples can be defined with +rtainty with the data available. Genetic 
analysis showed that there is no single diagnostic locus for the two groups, all allelic 
differences being frequency differences. M1eover, attempts to fmd any sequence and 
frequency variation over 1006 bp of the D-lo1p, Cytochrome oxidase I and Cytochrome b regions of the mitochondrial DNA did not succeed (Cecile Perrin unpublished data), 
suggesting a recent common ancestor for all {he populations analysed in this thesis. Yet, 
the taxonomic status of E. ch/oroticus can b, questioned in the view of the maintenance 
of the two genetic groups A and B observea at four presumably neutral and unlinked 
loci, despite dispersal potential conferred by the pelagic larval stage. In the light of this 
observation, groups A and B of E. chloroticus in the fiords might be in the process of 




For E. chloroticus, the fiords may represent! a zone of secondary contact or parapatric 
differentiation between two ecotypes of sea Jrchin maintained by reproductive isolation 
(pre or post-zygotic) due to selective press,e. The distribution of ecotypes A and Bin 
the fiords is likely to be determined by th~ environment characteristics, mostly food 
availability and wave exposure. 
In order to validate our model, further reseaich will be needed. Sequence variability in 
the mitochondrial DNA of E. chloroticus +uld give us phylogeographic information 
(A vise et al. 1987) which might help to further investigate the possibility of historical 
allopatric isolation between ecotypes A add B. The study of the temporal genetic 
composition of the sampling sites and larval fools dispersing in the fiords, would allow 
us to assess where larvae might come from, and at what stage of the life cycle selection 
may occur. Furthermore, laboratory experimlnts on preferential fertilization (e.g. bindin 
gene Palumbi 1999), growth rate, survival, fitness in each ecotype and in crosses of 
individuals from the two ecotypes in different controlled environment would help us to 
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1 Introduction 
Coscinasterias muricata is a common member of New Zealand's coastal fauna and is 
one of the most widespread marine species in the fiords (Grange et al. 1981). Like 
Evechinus chloroticus, it produces sexually propagated planktotrophic larvae that 
develop over about one month under laboratory conditions (Barker 1978). Spawning 
occurs during summer (from November to March, Crump and Barker 1985). Whereas 
E. chloroticus is endemic to New Zealand, C. muricata is recorded widely in Southern 
Australia, Tasmania and New Zealand (also Lord Howe Island, Chatham Island and 
some sub-antarctic islands). Further, C. muricata can propagate asexually through 
fission (Crump and Barker 1985, Johnson and Threlfall 1987). However, not all 
populations show signs of fission, and no evidence of asexual reproduction has been 
observed in the fiords (Skold et al. 2002). In contrast to the grazing E. chloroticus, C. 
muricata is an important predator, especially in the subtidal communities of the fiords 
(Witman and Grange 1998). The diet of C. muricata consists of invertebrates, such as 
blue mussels (Mytilus galloprovincialis) that are found in abundance inside the fiords 
where invertebrate communities dominate. In contrast, outer coast and outer fiord sites 
are more exposed and dominated by macroalgae (S. Miller unpublished data, Wing et 
al. 2001 ). Abundance levels of C. muricata strongly follow this community shift so that 
its abundance declines markedly towards the entrance of the fiords (Skold and Wing 
pers. comm.), being rarely observed on heavily wave exposed sites in the outer parts of 
the fiords (Skold et al. 2002). This pattern is the reverse of the sea urchin E. chloroticus, 
which shows declining abundance towards the head of each fiord. 
A study of allozyme diversity of C. muricata (Skold et al. 2003) revealed low genetic 
divergence among coastal samples around New Zealand suggesting that this species has 
a high larval dispersal potential. However, differentiation was observed among fiords 
and between fiords and outer coast sites such as Stewart Island, without any correlation 
to geographic distance (Skold et al. 2003) suggesting that some characteristics of the 
fiord environment can restrict gene flow. 
Glaciers carved the fiords during the Pleistocene and created sills which separated fiords 
from the open ocean. An abrupt change in climate beginning around 14,000 yrs ago 
marked the beginning of the regression of glacial ice masses that· continued until 
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approximately 9,000 to 7,000 yrs ago (Smith 2001). As sea levels rose, seawater was 
able to spill over the entrance sills and into the fiords. Therefore fiords with different 
sill heights were inundated at different times creating marine habitats that differ in age 
by up to 7,000 yrs (Pickrill et al. 1992). It is therefore possible that over such 
temporally spaced periods, original colonising populations of each fiord were 
themselves of different genetic origins. 
Currently, circulation in the fiords is dominated by estuarine circulation. The physical 
features and the strength of the estuarine circulation vary within and among fiords. 
Hydrography in the fiords is strongly influenced by prodigious (up to Tm/yr) rainfall in 
the area that results in a seawardly flowing surface low salinity layer (LSL) which 
drives the two-layer estuarine circulation of variable strength in each fiord. Because the 
net flow of seawater is deep and inwards, exchange of planktonic larvae between fiord 
and open coast is thought to be restricted (Lamare 1998, Wing et al. 2003). This is 
thought to have had significant effects on the population structure of many species by 
restricting gene flow between fiords and open coast. This hypothesis is supported by 
allozyme studies of several fiord species that exhibit random geographical subdivision 
(the black coral Antipathes fiordensis, Miller 1997; the brachiopod Terebratella 
sanguinea, Ostrow et al. 2001; the sea star Coscinasterias muricata, Skold et al. 2003). 
The amount of freshwater and the thickness of the LSL in the fiords (2-10 m and 
occasionally 20 m during storm events, Gibbs et al. 2000), relative to the catchment 
area, likely determine the strength of the estuarine circulation of each fiord. In addition, 
very shallow sills might also create some constriction of the underlying seawater flow 
(Gibbs et al. 2000). However, most of the sills are 50-100 m deep, leaving some 40-80 
m for the deeper seawater flow. Since planktonic larvae of C. muricata are normally 
distributed in the top 20 m, the isolation of populations in the fiords is expected to be 
directly related to the thickness of the LSL along with entrance topography of each fiord 
(Wing et al. 2003). As one moves to the outer coast, flow becomes dominated by other 
open coastal processes such as wind, open coastal advection and tidal exchange. The 
place where the shift happens is likely influenced by the constriction at the mouth of the 
fiord (e.g. sill depth, entrance width, orientation). We can therefore expect that genetic 
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colonisation events followed by potential restriction of gene flow between fiords and 
the open coast due to hydrographic features and/or local adaptation. 
In the allozyme study (Skold et al. 2003), only four of fifteen allozyme loci were 
polymorphic, hence allozyme markers may not have been sufficient to resolve finer 
differences among populations of this species (Skold et al. 2003). In order to resolve 
finer scale genetic differences than the allozyme study, genetic variation of C. muricata 
was further analysed using a more quickly evolving mitochondrial DNA (mtDNA) 
marker. Genetic variation was analysed using Single Stranded Conformation 
Polymorphism (SSCP) and sequencing of the fast evolving mtDNA D-loop region. The 
mtDNA D-loop region should be faster evolving than allozyme nuclear markers. It is 
thought to be relatively free of substitutional constraints and therefore is considered 
mutationally neutral. MtDNA's maternal inheritance and haploidy implies that its 
effective population size is reduced, allowing it to drift faster. Besides, its phylogeny is 
not biased by recombination events. Therefore, mitochondrial DNA constitutes an 
appropriate marker for phylogeographic studies. Its analysis can be fast and easy and it 
has been used effectively to investigate issues of genetic diversity in many taxonomic 
groups (A vise et al. 1987, 1994). 
In this study, mtDNA D-loop haplotype frequency and phylogeny of C. muricata 
samples were analysed in order to assess the evolutionary history and population 
dynamics of this marine species in the fiords. The effects of the fiords on the genetic 
structure of C. muricata were investigated by comparing the degree of genetic 
differentiation to: 
(i) the age of the fiords as a proxy for time of the first colonisation of the fiords, 
(ii) the strength of the estuarine circulation in the fiord in order to assess the 
effect of fiord hydrography on larval dispersal potential. 
Fiordic environment and hydrography might not restrict larval dispersal. In this case, we 
might expect isolation by distance as a model of genetic differentiation among fiord 
samples. This hypothesis was tested and used as a null hypothesis. 
The possibility of local adaptation was not approached in this study as our samples were 
all collected in the inner sites of the fiords and large environmental differences were not 
observed among them. 
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2 Materials and Methods 
2. 1 Sample collection 
Individuals of C. muricata in the fiords were collected by SCUBA diving during one 
research cruise on the New Zealand Department of Conservation's M/V Renown in 
May 1998. Outgroup samples from the North Island, north of the South Island and 
Stewart Island were also collected. Populations from the fiords and Stewart Island were 
sampled from depths between 2-10 m, and other samples around New Zealand were 
collected among rocks and boulders in the lower intertidal (Table 1 and Fig. 1). Most of 
the samples were collected and genetically analysed for allozyme variability by Mattias 
Skold during his postdoctoral fellowship at Otago University. Morphology study 
coupled with genetic analyses by Skold et al. (2002) suggested that samples of C. 
muricata from Stewart Island and the fiords were sexually reproductive while samples 
from Maori Bay showed characteristics of frequent asexual reproduction by fission. In 
our study, a total of 443 individuals of C. muricata divided between 17 samples were 
analysed. Samples were composed from 17 to 32 individuals (Fig. 1 and Table 1). 
Table 1: Coscinasterias muricata. Study sites within the fiords and around New Zealand. Fiordic samples 
are numbered according to decreasing latitude from 1 to 15, 17 to 20 are the three sites around New 
Zealand. 
Po~ulation Location Sam~le size Date 
1-MIL Milford Sound 17 1998 
3-BL Bligh Sound 18 1998 
4-GEO George Sound 30 1998 
5-CAS Caswell Sound 22 1998 
8-BDS Thompson Sound 28 1998 
9-EP Doubtful Sound 28 1997 
9-EPJ Doubtful Sound, juveniles 20 1998 
11-BSV Breaksea Sound 30 1998 
12-WJO Wet Jacket Sound 23 1998 
12-WJ Wet Jacket Sound 30 1998 
13-GRLO Dusky Sound 22 1998 
13-GRL Dusky Sound 30 1998 
15-PRZ Long Sound 32 1998 
15-LG Long Sound 28 1998 
17-STI Stewart Island 30 1998 
19-NLS Nelson 25 2001 
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Figure 1: Coscinasterias muricata. Study sites within the fiords and around New Zealand. Samples are 
marked by numbers that correspond to Table 1. 
2.2 DNA extraction 
Tube feet of C. muricata were collected and preserved in ethanol or frozen in liquid 
nitrogen and stored at -80°C. DNA was extracted from frozen tube feet using the 
Che lex extraction method (Walsh et al. 1991 ). Chelex protocol is described in 
Appendix II. 
2.3 Mitochondrial DNA D-loop marker development 
Genetic structure of C. muricata was analysed by sequence variation of the D-loop 
fragment screened using Single-Stranded DNA Conformation Polymorphism 
(SSCP) analysis (Orita et al. 1989). 
A 1200-1300 bp region containing the putative origin of replication (Fig. 2) was amplified in 
6 individuals of C. muricata from different fiords using the primers El2Sa (5'-
ACACATCGCCCGTCACTCTC-3') and E16Sb (5'-GACGAGAAGACCCTATCGAGC-3') 
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(Smith et al. 1993). PCRs were performed in 25 µl reaction mixture containing about 20-200 
ng sea star DNA, 0.2 mM of each dNTP, 2.5 mM MgCb, 10 mM Tris-HCl (pH 8.3), 50 mM 
KCl, 0.5 µM of each primer and 0.6 unit of Taq DNA polymerase (Roche Diagnostics 
GmbH, Mannheim, Germany). PCR regime consisted of one cycle of denaturation at 94°C 
for 4 min, annealing at 60°C for 45 s, and extension at 72°C for 2 min, followed by 35 cycles 
of 30 sat 94°C, 45 sat 55°C and 2 min at 72°C and finished by a fmal elongation of 10 min • 
at 72°C (Evans et al. 1998) using a PTC-100 thermal cycler (MJ Research). 
Amplified fragments were purified with High Pure PCR product purification kit (Roche 
Diagnostics GmbH, Mannheim, Germany) and cycle sequenced with either E12Sa or E16Sb 
primers using Big-Dye cycle sequencing kit (Applied Biosystems) for automatic sequencing. 
Termination fragments were separated and read on an ABI377 automated sequencer. 
Sequences were aligned by eye using ESEE version 1.09e (Cabot and Beckenbach 1989). 
r 
It is estimated that the single-strand DNA conformation polymorphism (SSCP) ~ 
method allows the detection of 89% of single point substitutions for fragments 
between 300 and 450 bp and of 99% for fragments between 200 and 300 bp 
(Hayashi 1991 cited by Lessa and Applebaum 1993 ). Therefore, new Primers CmD-
LF (5'-CCGGGGGAGGGGGCAACT-3') and CmD-LR (5'-
TACGAAAGGACCAGAAAAGCAGTA-3') were designed manually to amplify a 366 bp 
fragment of the D-loop region of the mitochondrial DNA. Sequence variation of the D-loop 
fragment was then screened using SSCP analysis (Orita et al. 1989). One hundred pmol of 
each primer (CmD-LF and CmD-LR) were labelled with 1.5 µl of y33 ATP (2500 Ci/mmol, 
lOmCi/ml) by action of 5 units of T4 Polynucleotide Kinase (T4 PNK, Roche Diagnostics 
GmbH, Mannheim, Germany) in a solution ofT4PNK buffer IX of final concentration of 50 
mM Tris-HCl (pH 8.2), 10 mM MgCb, 0.1 mM EDTA, 5 mM dithiothreitol, 0.1 mM 
spermidine. Amplification of the D-loop region was carried out in 10 µl reaction mixture 
containing about 20-200 ng sea star DNA, 0.2 mM of each dNTP, 2.5 mM MgCb, 10 mM 
Tris-HCl (pH 8.3), 50 mM KCl, 0.5 µM of each y33 ATP-labelled primer and 0.25 unit of Taq 
DNA polymerase (Roche Diagnostics GmbH, Mannheim, Germany). PCR regime consisted 
of one cycle of denaturation at 94°C for 4 min, followed by 35 cycles of 1 min at 94°C, 1 
min at 51 °C and 1 min at 72°C and finished by a final elongation of 10 min at 72°C using a 




V-Population genetic structure of Cosci1J,flSterias nmricata in New Zeall!nd's fiords 
12S rRNA tRNAThr tRNA GI Mt DNA control region 
·'?--:iii±Pii· •.iY/il L ~'''-'~·.' .. 
12J 
---.I 326bp 1+-






Figure 2: Location of the primers used in the mitochondrial DNA (rntDNA) of Coscinasterias muricata. 
12Sa: 5'-ACA CAT CGC CCG TCA CTC TC-3', 16Sb: 5'-GAC GAG AAG ACC CTA TCG AGC-3' 
(Smith et al. 1993); CmD-LF: 5'-CCG GGG GAG GGG GCA ACT-3', CrnD-LR: 5'-TAC GAA AGG 
ACC AGA AAA GCA GTA-3' (Cecile Perrin unpublished data). 
Ten µl of denaturing solution (95% Formamide, 20 mM EDTA pH 8, 0.05% Bromophenol 
blue, 0.05% Xylene cyanol) was added to the PCR products, and products were heat 
denatured for 5 min at 94°C and put immediately on ice. Denatured DNA was run on a non-
denaturing polyacrylamide gel consisting of 6% 37.5: 1 bis/acrylamide (Biorad Laboratories, 
Hercules California, U.S.A), 5% glycerol and 0.5X TBE in 0.5X TBE buffer at 4°C for 20 
hrs at lOW using large format sequencing gel rigs. Haplotypes were visualized using 
autoradiography (Biomax film, Kodak). 
All animals were scored. In order to check that band mobilities were consistent with 
actual sequence variability, 3 individuals for each of the more common haplotypes 
and all individuals characterised by rarer haplotypes were sequenced. The D-loop 
region was amplified with El2Sa and El6Sb primers as described previously, in 25 µl 
volume reaction. Amplified fragments were purified with High Pure PCR product 
purification Kit (Roche Diagnostics GmbH, Mannheim, Germany) and cycle sequenced with 
either El2Sa or E16Sb primers in order to obtain the complete sequence of the D-loop 
fragment scored for the SSCP analysis. Sequences were generated using Big-Dye cycle 
sequencing kit (Applied Biosystems) for automatic sequencing. Termination fragments were 
separated and read on an ABI377- automated sequencer. Sequences were aligned by eye 
using ESEE version l.09e (Cabot and Beckenbach 1989). A substitution was observed 
among the sequences in one primer's hybridisation region. In order to avoid any false 
similarity at this location, only the 318 bp sequences contained between the primers CmD-
LF and CmD-LR were aligned. 
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2.4 Sequence analysis 
Pairwise nucleotide distances between haplotypes were estimated using Kimura's 
(1980) 2-parameter model (procedure DNADIST of PHYLIP 3.57, Felsenstein 1993). A 
Fitch phylogenetic tree was generated from the matrix of nucleotide divergences using 
the procedure FITCH in PHYLIP. A minimum spanning network tree was created using 
the program TCS 1.13 (Clement et al. 2000) and drawn by hand in Microsoft 
PowerPointR. Arbitrary phylogenetic groupings of sequences observed on the tree were 
colour-coded and their frequency within each sample was calculated. 
2.5 Gene and nucleotide diversity 
Genetic variation of populations of C. muricata was measured as expected and unbiased 
heterozygosity under the assumption of Hardy-Weinberg equilibrium (He and ~H, 
respectively) corrected for mitochondrial DNA data (Appendix IV). Gene diversity 
values were calculated using the program V ARIABILITE in the software GENETIX 
(version 4.02, Belkhir et al. 2001). 
A gamma parameter was estimated on the total sequence alignment using the program 
PAUP* (Swofford 1998). Nucleotide diversities (Nei 1987) corrected for sample size 
were estimated using the program ARLEQUIN (Schneider et al. 2000). This measure 
incorporated both the estimated Kimura's (1980) 2 parameters nucleotide divergence 
between haplotype sequences, corrected for uneven substitution rate (gamma correction) 
and their frequency within sample sites. 
2. 6 Genetic structure among populations 
Population genetic variation was analysed by Analysis of Molecular Variance 
(AMOV A) for sequence data implemented in the software ARLEQUIN (Schneider et 
al. 2000). This procedure partitioned the total genetic variance, taking into account both 
frequency and sequence divergences, into covariance components defmed as inter-
individual differences, inter-population differences ( Wsr) and inter-group differences 
(Weir 1996, Excoffier 2000, Rousset 2000) (Appendix V). Degree of genetic divergence 
over all samples and between pairwise samples of C. muricata among the fiords was 
estimated by Wsr performed in the program ARLEQUIN (Schneider et al. 2000), using 








V-Population genetic structure of Coscinasterias nmricata in New Zealand's fiords 
of observed variances was tested by permuting haplotypes among populations. This 
method is described in Excoffier et al. (1992). The observed value was significantly 
different from zero when the probability p = (n+ 1)/(N+ 1), where n is the number of 
pseudo-values greater or equal to the observed value and N, the number of 
permutations, is smaller than 5% (Sokal and Rohlf 1996). As a large number of tests 
were run simultaneously, a sequential Bonferroni correction was performed (Rice 1989) 
at a=5%. 
Genetic distances between samples were estimated by the N ei' s average number of 
differences between populations (dA, Nei and Li 1979) (Appendix VI) performed in the 
program ARLEQUIN (Schneider et al. 2000) and using the Kimura two-parameter 
method (Kimura 1980) with gamma correction. The pairwise matrix of Nei's genetic 
distance among fiord and Stewart Island populations of C. muricata was visualized by 
non-metric multidimensional scaling (MDS, Appendix VII) using the program PRIMER 
v5 (Clarke et al. 2001). The fit of the data in two dimensions was measured by the stress 
factor, a measure of goodness-of-fit of the non-parametric regression of the distance in 
the MDS plot against the genetic distance matrix (Clarke and Warwick 1994). 
2. 7 Historical and hydrographic tests 
2.7.1 Testing for correlation between age of fiord habitat and 
genetic diversity 
Each of the fiords was likely inundated by sea water at a different time. Smith (2001) 
used an extension of the curve of sea level rise over the past 18,000 yrs to estimate the 
time at which rising sea levels spilled over the entrance sills of each fiord, and hence the 
approximate time at which these habitats were available for colonization (Table 2). It is 
generally assumed that older populations harbour more genetic diversity through 
persistent accumulation of alleles (through mutation and migration) compared to 
younger ones. In order to test for an association between genetic diversity and estimated 
age (sill depth) of the fiords, linear regression analysis was performed using SPSS 
(SPSS Inc. 1989-2002) for sites of C. muricata listed in Table 2. Only the sites common 
with those from Smith's study (2001) were analysed. Unbiased expected heterozygosity 
within sample CH) was used as estimate for genetic diversity. Entrance sill depth 
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separating deep basins from the open ocean was calculated using a fine scale 
bathymetric data from LINZ (Smith 2001) (Table 2). 
Table 2: Entrance sill depth and estimated age of the fiords. 








































2.7.2 Testing for the effect of habitat age on degree of genetic 
difference 
If migration does not occur between fiords, older colonisations ( deep sill) might be the 
most likely to have differentiated from each other through drift over time. However, sill 
depth, if it is very shallow, might constrict seawater flow and therefore might affect 
genetic exchange between populations in the fiords and those on the open coast. 
Populations in the fiords with shallow sills might also be the most likely to have 
differentiated through genetic drift over time. This would cancel out the previous 
hypothesis. However, most of the sills are deep and do not affect the seawater flow. So, 
in general, sill depth would mostly be an indicator of age. 
Correlation between habitat age (sill depth) and degree of genetic differentiation was 
tested for one sample per fiord of the C. muricata sites listed in Table 2. A mean 
pairwise Nei's genetic distance was calculated for each site by averaging each site's 
genetic distance to all other sites in the analysis. Mean genetic distances and their 95% 
confidence interval were plotted against sill depth and linear regression analyses were 
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2.7.3 Testing for the effect of strength of the estuarine circulation 
on degree of genetic difference 
Fiord hydrography is dominated by an estuarine circulation. Due to the flows of the 
estuarine circulation, genetic exchange of planktonic larvae between fiord and ocean is 
thought to be restricted. The amount of freshwater and the thickness of the low salinity · 
layer (LSL) in the fiords, relative to the catchment area, along with entrance topology 
(e.g. sill depth) likely determine the strength of the estuarine circulation of each fiord. 
Sill depth would create some constriction of flow only if it is very shallow. As most of 
the sills are deep, amount of freshwater and thickness of the LSL can be used as an 
indicator of the strength of the estuarine circulation. Effective freshwater depth (EFD) at 
each site was used as a proxy for the strength of the estuarine circulation. It represents 
the integrated thickness of the LSL at each site over time (Gibbs et al. 2000). EFD was 
analysed using conductivity temperature and depth surveys (CTD) throughout the fiords 
(Wing et al. 2001, Wing and Smith, unpublished data). The potential effect of the 
estuarine circulation as barrier to dispersal was investigated by comparing degree of 
genetic differences and EFD for each C. muricata sampling sites, except sample 8-BDS 
where estimation of the EFD was not available. A mean pairwise Nei's genetic distance 
was calculated for each site by averaging each sites' s genetic distance to all other sites 
in the analysis. Mean genetic distances and their 95% confidence interval were plotted 
against EFD and linear regression analyses were performed using SPSS (SPSS Inc. 
1989-2002). 
2.8 Isolation by distance 
Gene flow might not be restricted in and out of the fiords. In this case, isolation by 
distance might be a process of genetic differentiation between fiord samples. This 
hypothesis is used as null hypothesis. Isolation by distance was tested with a non 
parametric test of correlation between Nei's genetic distance and an along fiord and 
open sea coastline geographic distance using the procedure MANTEL (Mantel 1967, 
Sokal 1979, Manly 1985, Sokal and Rohlf 1996) in the software GENETIX (version 
4.02, Belkhir et al. 2001). A regression analysis, using SPSS (SPSS Inc. 1989-2002), 
was used to visualise the correlation between genetic and geographic distance. 
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3 Results 
3. 1 Sequence relationships 
A total of 443 individuals of C. muricata were analysed along the west coast of New 
Zealand. SSCP analysis of a 366 hp region of the mitochondrial D-loop region revealed 
29 unique sequences. In total, 28 variable sites and 12 parsimony informative sites were 
detected among the 318 hp sequences that were aligned (366 hp minus the two primer 
sequences) (Table 3). Individuals representative of each haplotype were sequenced in 
order to check that band mobilities on SSCP gels corresponded to actual DNA sequence 

































318 hp, D-loop sequence 
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Table 3: Character matrix of variable sites in the 318 bp mitochondrial D-loop region of Coscinasterias 
muricata. Numbers refer to nucleotide positions in the full sequence fragment presented in Appendix IX. 
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The Fitch phylogenetic tree generated from the matrix of nucleotide divergences 
produced a phenogram with very low bootstrap values ( data not shown). Given the low 
power of resolution of the phylogenetic tree, the Fitch phylogenetic analysis was not 
investigated further. A minimum spanning network (MSN) of the 29 haplotypes was 
constructed to visualise evolution among haplotypes, haplotype frequency and 
geographical representation (Fig. 3). A recent expansion is suggested by the star-like 
pattern of the network, with multiple rare alleles and more ancestral haplotypes such as 
haplotypes 001 and 002 which are the most common haplotypes in the fiords. The 
structure of the MSN indicates that C. muricata in the fiords is composed of one main 
, group of haplotypes separated by only one mutation and several rare haplotypes 
separated by 2-8 mutations from this main group. The most divergent haplotype 051 is 
found in a fiord sample (11-BSV). Other divergent haplotypes 052 and 053 are the most 
common haplotypes in the 19-NLS sample. The minimum spanning network of 
haplotype sequences was divided arbitrarily into 6 clusters in order to look at the 
frequency of these clusters within each sample (Fig. 3). Each cluster was defined by 
grouping haplotypes included in each "star-like" phylogeny observed around one 
haplotype ( e.g. cluster I, II and III) or grouping haplotypes separated from the others by 
one or more missing links ( e.g. cluster IV, V and VI). Arbitrary phylogenetic groupings 
of sequences observed on the MSN tree were colour-coded and their frequency within 
each sample was calculated. The distribution of each cluster within each sampling site is 
presented in Fig. 4. Cluster I was the most common in the fiords from north, 1-MIL to 
south, 13-GRL (except 13-GRLO) and the outgroup samples 17-STI and 20-MB. Cluster 
II dominated sampling sites from 13-GRLO and 15-PRZ/15-LG. 19-NLS sample 
diverged from all other areas in New Zealand, composed by a majority of cluster IV. 
3.2 Gene diversity and nucleotide diversity 
Individuals in the fiords and Stewart Island are thought to undergo sexual reproduction 
whereas animals from Maori Bay showed morphological and genetic characteristics of 
having reproduced asexually (Skold et al. 2002). We do not have information regarding 
mode of reproduction for the Nelson sample. Therefore, in Stewart Island and fiord 
samples, gene and nucleotide diversities should not be biased by sampling clonemates of 
asexual samples. However, the interpretations of data from Maori Bay and Nelson 
should be viewed with caution. 
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Figure 3: Coscinasterias muricata. Minimum spanning network of the 29 haplotypes of the 318 bp fragment of the mitochondrial D-loop region. The area of circle of each haplotype 
is proportional to the frequency of this haplotype in the total sample. Substitution between haplotypes is represented by a line. Hypothetical missing haplotypes are represented as 
small filled circle. I: Total New Zealand West Coast haplotype network. Fiords samples were represented in black, Stewaii Island in white, Nelson in light blue and Maori Bay in 
blue. Shared haplotypes between fiords and outgroups sites were represented as frequency diagrams in each location. II: New Zealand Fiords haplotype network only. Light grey 
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Figure 4: Proportion of cluster I (001-like haplotypes) represented in dark grey, cluster II (002-like 
haplotypes) represented in black, cluster III (010-like haplotypes) represented in blue, cluster IV (053-like 
haplotypes) represented in light blue, cluster V (031) represented in white and cluster VI (025-like 
haplotypes) represented in light grey, at each sampling site . 
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The number of SSCP haplotypes per sample was relatively high in most fiord samples 
(4 to 9 haplotypes) except for the sample from 15-LG (2 haplotypes). Haplotype 
diversity within each sample site was moderately high, ranging from 0.60 (13-GRL) to 
0.83 (1-MIL) except for samples 15-LG and 15-PRZ (0.07 and 0.18 respectively) (Table 
4). Nucleotide diversity within sample sites ranged from 0.003 to 0.006 except for 
samples 15-LG and 15-PRZ (0.000 and 0.001 respectively) (Table 4).0pen coast 
sample 17-STI showed higher haplotype and nucleotide diversities of 0.81 and 0.007 
respectively, with 11 different haplotypes. Northern outgroup samples 19-NLS and 20-
MB showed relatively low haplotype diversity (0.52 and 0.62 respectively) but 
relatively high nucleotide diversity (0.005 and 0.007 respectively) with 4 and 5 different 
haplotypes within each sample. 
Haplotypes 001 and 002 were the most common and widely distributed haplotypes in 
the fiords ( 41 % and 3 5 % respectively), except in 3-BL where haplotype 002 was absent 
(Table 4). Haplotype 001 was prevalent at every location in the northern fiords (from 1-
MIL to 9-EP), in three samples of the Dusky complex (11-BSV, 12-WJ, 13-GRL) and 
in the open coast sample 17-STI. Haplotype 002 dominated in two southern fiords: the 
Dusky complex and Long Sound (12-WJO, 13-GRLO, 15-PRZ and 15-LG). None of 
the common fiord haplotypes were unique to a particular fiord. Haplotypes 003, 004 and 
006 were common in the fiords except in 11-BSV, 13-GIRLO and 15-PRZ/15-LG. 
In addition, 6 rare haplotypes were found in the rest of the fiords, shared by at least two 
samples, including 3 haplotypes only found in the Dusky Sound complex (11-, 12-, 13-
). Several private haplotypes were found in single outgroup samples, especially within 
17-STI (haplotypes 009, 013, 014, 024, 031, 032, 033, 047) but also 19-NLS 
(haplotypes 052, 053, 054) and 20-MB (haplotypes 019, 022, 029, 045). It is noteworthy 
that the predominant haplotype of 19-NLS and 20-MB is a private haplotype of each 
sample (052 and 019 respectively). 
Fiord populations shared several haplotypes with outgroup samples including the major 
haplotype 001 and haplotypes 006 and 010 which they had in common with 17-STI. 
Haplotype 010 was shared also with 19-NLS and haplotype 006 was shared with 20-
MB. No haplotype was shared between 19-NLS and 20-MB. 
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Table 4: Characteristics of the D-loop region of Coscinasterias muricata mitochondrial DNA in Fiordland and around New Zealand. Hexp, 'H are expected and unbiased gene 
diversities, respectively. Gene diversities were calculated using GENETIX 4.1 (Belkhir et al. 2001). Nuc. Div.: nucleotide diversities (Nei 1987) estimated using the program 
ARLEQUIN (Schneider et al. 2000) incorporating both the estimated Kimura 2 parameter model of differentiation between sequences (gamma correction of 0.11) and their 
frequencies within sampl 
D-loop TOTAL 1- 3- 4- 5- 8- 9- 9- 11- 12- 12- 13- 13- 15- 15- 17- 19- 20-MIL BL GEO CAS BDS EP EPJ BSV WJO WJ GRLO GRL PRZ LG STI NLS MB 
(N) 443 17 18 30 22 28 28 20 30 23 30 22 30 32 28 30 25 30 
001 146 4 8 10 12 14 15 11 15 8 14 6 15 1 1 12 - -
002 127 3 - 8 2 2 5 3 9 10 9 13 7 29 27 - - -
003 27 5 2 3 3 5 3 2 - 1 1 - 2 - - - - -
004 28 2 5 3 3 4 3 2 1 1 3 - 1 - - - - -
006 25 3 3 6 1 2 1 2 - 1 1 - 1 - - 1 - 3 
021 5 - - - 1 - - - - - 1 1 1 1 - - - -
020 4 - - - - 1 - - 2 - - - 1 - - - - -
025 2 - - - - - 1 - - - 1 - - - - - - -
016 3 - - - - - - - 1 1 - - 1 - - - - -
051 3 - - - - - - - 2 - - 1 - - - - - -
034 1 - - - - - - - - 1 - - - - - - - -
010 5 - - - - - - - - - - 1 - - - 2 2 -
026 1 - - - - - - - - - - - 1 - - - - -
050 1 - - - - - - - - - - - - 1 - - - -
009 5 - - - - - - - - - - - - - - 5 - -
013 3 - - - - - - - - - - - - - - 3 - -
014 1 - - - - - - - - - - - - - - 1 - -
024 1 - - - - - - - - - - - - - - 1 - -
031 1 - - - - - - - - - - - - - - 1 - -
032 2 - - - - - - - - - - - - - - 2 - -
033 1 - - - - - - - - - - - - - - 1 - -
047 1 - - - - - - - - - - - - - - 1 - -
052 17 - - - - - - - - - - - - - - - 17 -
053 4 - - - - - - - - - - - - - - - 4 -
054 2 - - - - - - - - - - - - - - - 2 -
019 18 - - - - - - - - - - - - - - - - 18 
022 4 - - - - - - - - - - - - - - - - 4 
029 3 - - - - - - - - - - - - - - - - 3 
045 2 - - - - - - - - - - - - - - - - 2 
H exp. 0.79 0.78 0.69 0.76 0.65 0.69 0.66 0.65 0.65 0.68 0.68 0.57 0.68 0.18 0.07 0.79 0.50 0.60 
H n.b. 0.80 0.83 0.73 0.78 0.68 0.71 0.68 0.68 0.67 0.71 0.70 0.60 0.71 0.18 0.07 0.81 0.52 0.62 
Nuc. Div. 0.006 0.004 0.004 0.004 0.004 0.005 0.003 0.006 0.004 0.005 0.005 0.004 0.001 0.000 0.007 0.005 0.007 
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3.3 Population differentiation among fiord populations 
Analysis of molecular variance (AMOV A) was performed in order to assess how much 
of the genetic variation occurred between and within fiord samples (Table 5). The 
AMOV A revealed that approximatively 85% of the variation observed was found 
within samples. In addition, significant heterogeneity was observed among populations 
of the fiords (p < 0.001) which accounted for about 15% of the total variance. 
Table 5: Hierarchical analyses of genetic variance of fiord populations of Coscinasterias muricata. ([)-
statistics considered both the estimated Kimura 2 parameter model (Kimura 1980) differentiation between 
sequences (gamma correction of 0.11) and their frequencies within and among sample sites. ([)ST were 
estimated and were tested by 1000 random permutations using the program ARLEQUIN (Schneider et al. 
2000). * p<0.05, ** p<O.Ol, *** p<0.001. 







The Nei distance matrix among samples was visualised using two-dimensional MDS 
(Multi-Dimensional Scaling) (Fig. 5). The resulting MDS plot had a stress value of 0.04 
and therefore gave an excellent representation of the data. Since samples from 20-MB 
and 19-NLS were suspected to be asexually reproductive, they were excluded from the 
MDS plot. The coordinates of the samples on the first axis of the MDS representation 
suggest a North to South cline among fiordic samples (Fig. 5). However, 17-STI did not 
follow the same cline. 
Pairwise c/>sT estimates between 19-NLS/20-MB and fiord samples were all 
significantly different from zero (Table 6). Most pairwise cPsr estimates between fiord 
samples and the geographically closest outgroup, 17-STI were significant before 
sequential Bonferroni correction. However, after sequential Bonferroni correction, only 
15-PRZ and 15-LG remained differentiated from 17-STI. Applying sequential 
Bonferroni correction to an excessive number of pairwise comparisons frequently 
causes p-values lower than 0.001 to become non-significant. Therefore it is possible that 
divergence between 17-STI and the fiords exists but that we can not detect it. Some 
high and significant genetic differences between samples were observed, suggesting 
isolation of some fiord samples of C. muricata (Table 6). The most divergent fiord 
samples were from the Dusky Sound complex (13-GRLO) and Long Sound (15-). Long 
Sound was by far the most differentiated fiord, with most animals having a single 
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Figure 5: Coscinasterias muricata. Multi-dimensional scaling (MDS) of the Nei genetic distance (dA) matrix between pairs of samples and its associated stress value using the 
program PRIMER v5 (Clarke et al. 2001). 
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Table 6: <Psrvalues estimated by the program ARLEQUIN (Schneider et al. 2000) incorporating both the estimated Kimura (1980) 2 parameters model (gamma correction of0.11) 
of differentiation between sequences and their frequencies among populations on the west coast of New Zealand. p = (n+ 1)/(N+ 1), where n is the number of pseudo-values greater or 
equal to the observed value processed by 1000 permutations and N, the number of permutations (Sokal and Rohlf 1996). Lower matrix, *: significant p-value after sequential 
Bonferroni correction for a = 0.05 ~Rice 19892. * e<0.05, ** e<0.01, *** e<0.001. In bold, si~nificant ([)ST estimations for a= 0.05 . 
Kimura 2p 
1- 3- 4- 5- 8- 9- 9- 11- 12- 12- 13- 13- 15- 15- 17- 19- 20-
MIL BL GEO CAS BDS EP EPJ BSV WJO WJ GRLO GRL PRZ LG STI NLS MB 
1-MIL 0.028 0.013 0.001 -0.014 0.018 0.004 0.127 0.101 0.081 0.209 0.055 0.494 0.542 0.081 0.716 0.225 
3-BL 0.038 -0.009 -0.009 0.032 0.002 0.146 0.163 0.094 0.287 0.074 0.621 0.683 0.079 0.756 0.221 
4-GEO 0.011 0.021 -0.007 -0.024 0.060 0.018 0.009 0.132 0.001 0.389 0.431 0.017 0.725 0.209 
5-CAS -0.033 -0.019 -0.036 0.086 0.083 0.032 0.205 0.000 0.530 0.589 0.063 0.743 0.205 
8-BDS -0.002 -0.023 0.114 0.109 0.064 0.239 0.026 0.530 0.575 0.081 0.749 0.223 
9-EP -0.030 0.018 0.009 -0.016 0.102 -0.024 0.373 0.412 0.034 0.704 0.189 
9-EPJ 0.061 0.044 0.010 0.176 -0.019 0.523 0.595 0.026 0.745 0.194 
11-BSV *** *** 0.004 -0.009 0.010 0.020 0.236 0.264 0.046 0.656 0.200 
12-WJO *** -0.018 0.023 0.004 0.274 0.334 0.037 0.710 0.222 
12-WJ 0.039 -0.014 0.287 0.329 0.032 0.699 0.203 
13-GRLO *** *** *** *** *** 0.108 0.093 0.131 0.103 0.666 0.272 
13-GRL 0.402 0.454 0.031 0.729 0.199 
15-PRZ *** *** *** *** *** *** *** *** *** *** *** -0.016 0.318 0.785 0.492 
15-LG *** *** *** *** *** *** *** *** *** *** *** 0.340 0.802 0.514 
17-STI *** *** 0.650 0.164 
19-NLS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 0.671 
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· 3.4 Historical and hydrographic tests 
3.4.1 Testing for correlation between age of fiord habitat and 
genetic diversity 
The graph of genetic diversity versus sill depth for the samples listed in Table 2 (Fig. 6) 
showed no trend of greater genetic diversity in older fiords (r2 =0.312,p = 0.118). 
0
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Figure 6: Coscinasterias muricata. Plot and linear regression of sample gene diversity vs. sill depth at the 
entrance of the fiord site. 
3.4.2 Testing for effect of habitat age on degree of genetic 
difference 
The graph of mean genetic distance versus sill depth (Fig. 7, I) showed a significant 
negative correlation (r2 = 0.458, p = 0.045) due to the only site with a very shallow sill 
(25 m in 15-LG), suggesting that very shallow sill may affect gene flow. However, 
entrance sills in the other fiords tested were deep and could be used as an indicator of 
habitat age. Using only these sites (excluding 15-LG), no correlation was observed 
between degree of genetic difference and sill depth (Fig. 7, II), suggesting that age of 
the fiord habitat has little relative importance for the degree of current genetic 
differentiation of the samples. 
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Figure 7: Coscinasterias muricata. Plot and linear regression of sample mean Nei's genetic distance and 
its 95% confidence interval vs. sill depth at the entrance of the fiord site. I: one site per fiord for Table 2 
samples, Il: one site per fiord for Table 2 samples except sample 15-LG. 
3.4.3 Testing for the effect of strength of the estuarine circulation 
on degree of genetic difference 
Effective freshwater depth (EFD) was used as proxy for strength of estuarine circulation 
in the fiords. The graph of mean genetic distance versus effective freshwater depth (Fig. 
8, I) showed a significant correlation suggesting that EFD may affect gene flow (r2 = 
0.560, p = 0.003). However this trend disappeared when the outliers, 15-PRZ and 15-
LG, were excluded from the plot (Fig. 8, II) suggesting that EFD may affect gene flow 
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Figure 8: Coscinasterias muricata. Plot and linear regression of sample mean Nei's genetic distance and 
its 95% confidence interval vs. effective freshwater depth at the fiord site. I: all samples, Il: All samples 
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3.5 Isolation by distance 
A Mantel test for correlation of genetic versus geographical distance supported isolation 
by distance as a model of differentiation among sampling sites in the fiords (p = 0.000). 
Relationships between genetic and geographical distance in the fiords was visualised in 
Fig. 9. A significant linear regression was observed (r2 = 0.500, p = 0.000). These 
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Figure 9: Coscinasterias muricata. Nei's genetic distance (dA) vs. geographic distance (km) of fiords 
sites. 
However, Fig. 9 appeared to comprise two groups of points, one in which there were 
low genetic distances, and another, in which there were higher genetic distances. Higher 
genetic distances may represent comparisons between haplotype 001 vs. haplotype 002 
dominated samples. Therefore, isolation by distance was tested among haplotype 001 
dominated samples (group 1: I-MIL to 11-BSV, 12-WJ and 13-GRL), among haplotype 
002 dominated samples (group 2: 12-WJO, 13-GRLO, 15-PRZ and 15-LG) and for 
comparisons between group 1 and group 2 samples (Fig. 10). 
The relationship remained significant within group l (Mantel test p = 0.016; regression 
r2 = 0.297,p = 0.019) which showed a slight positive correlation (Fig. 10). No isolation 
by distance was observed among group 2 (Mantel test, p > 0.05, data not shown), yet it 
was likely the consequence of a large sampling variance since group 2 consisted of only 
four samples. Higher and significant relationship (Mantel test p = 0.000; regression r2 = 
0.662, p = 0.000) was observed between genetic and geographic distance for 
comparisons between group 1 and 2 samples (Fig. 10). Isolation by distance was also 
detected when 17-STI was included in the analysis of haplotype 001 dominated samples 
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but the pattern was weakened (Mantel test p = 0.049; regression r2 = 0.245, p = 0.030; 
data not shown). No relationship was observed at a larger scale along the west coast of 
New Zealand when outgroup samples 19-NLS and 20-MB were added (p > 0.05, 
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Figure 10: Coscinasterias muricata. Nei's genetic distance (dA) vs. geographic distance (km) of fiord 
sites. Group 1: comparisons among haplotype 001 dominated samples. Group 1 vs. 2: comparisons 
between haplotype 001 and haplotype 002 dominated samples. 
4 Discussion 
4.1 Population genetic structure along the New Zealand west 
coast 
Patterns of genetic variation of the sea star C. muricata were examined along New 
Zealand's west coast. Although, C. muricata is a marine species with high larval 
dispersal potential, this study reveals high genetic differentiation between samples of 
the south of the South Island (Stewart Island, Fiordland) and northern samples (Nelson 
and the North Island Maori Bay). Pairwise comparisons of genetic distance between 
samples along the west coast of New Zealand showed no correlation with geographic 
distances. The main haplotype of Maori Bay (019) was closely related to the main 
haplotype of the southern part of the South Island (001) (Fig. 3). However, samples 
from Nelson consisted mainly of a separate cluster separated by 5 mutations from the 
main cluster shared by other regions. Most of the haplotypes from Maori Bay and 
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and fiord/Stewart Island samples. Skold et al. (2002) examined the morphology and 
genetic diversity, using allozymes, of the samples analysed here (except the sample 
from Nelson). Their study showed that seastars from Maori Bay and a sample from the 
east coast of South Island frequently had characteristics of having undergone fission. In 
contrast, none of the populations from the fiords or from Stewart Island had characters 
indicating that they had recently split. In addition, this study showed that limitation of 
food supply or feeding time might increase the abundance of small fissiparous 
individuals. However, individuals from the fiords and Stewart Island do not seem to 
undergo fission at all. In agreement with morphological interpretations, Maori Bay had 
significantly lower genotypic diversity than expected, while the fiord samples had 
genotypic diversity that conformed to expectations under sexual outcrossing. Asexual 
reproduction in a location increases the chance of sampling aggregated clonemates 
(Avise 1994). On a local scale, in Western Australia, Johnson and Threlfall (1987) 
observed that many individuals of the sea star Coscinasterias calamaria were 
clonemates within 50 m of one another. Therefore, the haplotype frequencies observed 
in Nelson and Maori Bay samples might not reflect the genetic composition of these 
populations. Indeed, Nelson and Maori Bay samples exhibited relatively low gene 
diversity. Since individuals from Maori Bay (Skold et al. 2002) and Nelson may be 
fissiparous, allele frequency distribution and therefore genetic distances between these 
samples and the other samples in the analysis might be biased. Nevertheless, no 
haplotype was shared between Nelson and Maori Bay, and fiord's and Stewart Island's 
most common haplotypes (001 and 002) were not found in these two outer coast 
samples. Even if Nelson and Maori Bay samples are fissiparous, these observations 
would be surprising if larvae were dispersed widely along the west coast of New 
Zealand. One might suggest that dispersal may be limited along the west coast of New 
Zealand in consequence of the divergent currents along this coast (see Chapter II). 
However, due to the potential fissiparity in Nelson and Maori Bay samples and the lack 
of sample sites collected around New Zealand, any conclusion might be hazardous. As 
haplotype frequencies in Nelson and Maroi Bay samples might be biased, these samples 
were not further analysed. 
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4.2 Historic input on genetic differentiation in the fiords 
The mitochondrial DNA D-loop analysis of C. muricata in the fiords is consistent with 
a recent colonisation of the fiords at the end of the Pleistocene. Haplotype sequences 
were closely related and the MSN formed a "star-like phylogeny" with a few prevalent 
haplotypes. The occurre~ce of many, closely related haplotypes is often associated with 
a recent rapid expansion of a single ancestral population (Rogers and Harpending 1992). 
The "star-like phylogeny" around 001 suggests that 001 is the oldest haplotype present 
in the fiords and the haplotype from which most other haplotypes present in the fiords 
derived. This one haplotype was abundant at every sampling site in the fiords and 
Stewart Island ( except in Long Sound). Haplotype 002 was the second most common 
haplotype in the fiords. The absence of closely related sequences around it may suggest 
that haplotype 002 derived recently from haplotype 001 in the fiords and became 
abundant through strong genetic drift. Alternatively, it is more likely that haplotype 002 
colonised the fiords during a recent gene flow event with the open coast. Rare 
haplotypes 025 and 051 (up to 2.5% sequence divergent from haplotype 001, probably 
derived from 002) were observed only in the fiords. Since the fiords are young and 
haplotypes linking 051/025 to 001/002 were missing in this study, it is more likely that 
these haplotypes entered the fiords during a colonisation event rather than evolving 
from haplotype 001 or 002 in situ by a rapid evolution. However, haplotypes 002, 025 
and 051 were present only in the fiords. Our sample collection around New Zealand 
might not be sufficient to draw more conclusive hypotheses about the origin of the C. 
muricata fiord populations. 
It is generally assumed that older populations harbour more genetic diversity through 
persistent accumulation of alleles (through mutations and migration) compared to 
younger ones (Crandall and Templeton 1993). Stewart Island did show a higher number 
of haplotypes than fiord samples, however once corrected for sample size, gene 
diversities were equivalent. Stewart Island exhibited slightly higher nucleotide diversity 
than the fiord samples, however the difference was not significant and the results are not 
sufficient to conclude that fiord populations are younger than the population sampled in 
Stewart Island. Once again, sampling of sexually reproductive populations around New 
Zealand would be necessary to draw further conclusions. One could predict that the 
oldest population, with the highest genetic diversity, in the fiords would be located in 
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Milford Sound, which is not the oldest marine habitat among the fiords. Moreover, no 
correlation was found between the age of the fiords and the genetic diversity of the 
samples. However, Skold et al. (2002) rarely observed juveniles of C. muricata in the 
fiords, which indicates a random frequency of recruitment in this species. Variability of 
recruitment, extinction and small effective population size might decrease the observed 
diversity and accelerate genetic drift by causing bottlenecks or sweepstakes 
reproductive success. 
No relati_onship was observed between fiord age and degree of genetic differences, 
suggesting that current genetic structure between samples does not reflect the time of 
colonisation of each fiord. Fiords of different ages could have been colonised by 
genetically different populations and/or several colonisation events may have occurred 
in the fiords; or since colonisation, larval dispersal might have not been strongly 
restricted in some fiords and hydrological and/or ecological factors may have shaped the 
genetic structure. 
4.3 Hydrographic input on genetic differentiation in the fiords 
Fiords are thought to restrict gene flow with the open coast due to their estuarine 
circulation pattern. Barriers might be formed by the retention zones bounded by 
oceanographic and hydrographic features of the fiords. Pairwise ct>sr-values among fiord 
populations suggest that there is no significant genetic differentiation among northern 
fiord populations, from Milford Sound to Doubtful Sound. The southern fiords from 
Dusky Sound to Long Sound presented more heterogeneity and genetic divergence even 
at small geographic scales (e.g. Crayfish Island, 13-GRLO in the Dusky complex). The 
most divergent populations of C. muricata in the fiords were found in Long Sound 
which contained only 2-3 haplotypes. The percentage of haplotype 002 in Long Sound 
and Crayfish Island (13-GRLO, Dusky Sound) was unusual in comparison with the rest 
of the fiords where haplotype 001 dominates. This could be explained by the effects of 
random genetic drift, and partial population isolation due to the strength of the estuarine 
circulation. Effective freshwater depth (EFD), along with very shallow sill depth at the 
entrance of the fiord, likely determines the strength of the estuarine circulation and is 
expected to limit larval exchange among fiords. Although no trend was observed 
between EFD and degree of genetic difference in the rest of the fiords, Long Sound was 
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found to be the outlier for both freshwater input and sill depth. These results suggest 
that gene exchange may be affected only in cases of very large EFD and very shallow 
sill. It was impossible to specify if only the EFD in Long Sound would have been 
sufficient to create a barrier to dispersal. Long Sound was also a genetic outlier in the 
microsatellite study of the sea urchin E. chloroticus (Chapter 111). 
The very low gene and nucleotide diversities found in Long Sound are surprising and 
suggest that the population is young and/or small and may have been founded after a 
recent extinction event. The other most divergent sample of the fiords was Girlie Island 
in the Dusky Sound complex, which also had the lowest diversity indices of the fiords 
after Long Sound. This population might also be younger and/or smaller than the others 
and may have differentiated by genetic drift and/or might have been colonised by a 
differentiated population from the open coast or Long Sound. However, for genetic drift 
to act in this population, gene flow must have been restricted between this site and the 
other populations of the fiords. The entrance sill of this fiord is not particularly shallow; 
however the effective freshwater depth at this site was the deepest after Long Sound and 
may have contributed in the isolation of this population in the Dusky complex. 
Alternatively, genetic divergence observed in 13-GRLO might be an example of 
"chaotic genetic patchiness" (Johnson and Black 1982) caused by differences m 
recruitment history or even recruitment from Long Sound. 
4.4 Isolation by distance 
A pattern of isolation by distance was observed among fiord populations. Support for 
the isolation by distance pattern came from the trend observed in Fig. 4, a north-south 
trend in proportions of 001- and 002-like clusters ofhaplotypes. However, the pattern of 
isolation by distance appears to comprise two groups of points, one in which there were 
the comparisons between haplotype 001 versus haplotype 002 dominated samples, and 
another in which there were the comparisons within each group of samples. The pattern 
is thus more likely a secondary contact between a northern population and a southern 
one (e.g. Long Sound likely differentiated by genetic drift and isolation), separated by a 
contact or mixing zone. A slight but significant correlation between genetic and 
geographic distances was observed among the northern group of haplotype 001 
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fiords prevented differentiation by genetic drift alone (Slatkin and Barton 1989). 
Nevertheless, the correlation between genetic and geographic distance might be 
weakened by temporal :fluctuations in gene flow, since gene flow and genetic drift 
require time to equilibrate (Slatkin 1993). Genetic drift might well act in the fiords since 
irregular recruitment, extinction events, migration occurring at random among a group 
of small populations and mating being more frequent within than between populations 
( due to short gamete life span), are all likely within the fiord region. The pattern of 
isolation by distance was weakened when adding the Stewart Island sample in the 
analysis of haplotype 001 dominated samples. Isolation by distance supposes 
continuously distributed populations. Circulatory patterns in the fiords may act to 
isolate fiords from open coast locations such as Stewart Island, thus violating this 
assumption. When comparing fiord populations and open coast populations together, 
fiord samples seem to be more differentiated than samples along the open coast. 
Measured as pairwise cI>sr comparisons, Stewart Island differed to the fiords by values 
from 0.017 to 0.340. Pairwise cI>sr values among the fiords varied from -0.033 to 0.683. 
Within the group of haplotype 001 dominated samples, Stewart Island differed to the 
fiords by values from 0.017 to 0.081 and pairwise cI>sr values among the fiords varied 
from -0.033 to 0.146. This observation supports that fiord populations may be more 
isolated from each other than similarly spaced populations on the open coastline. 
However, this is only speculative as our sample collection lacked comparisons between 
open coast samples over distances comparable to distances between fiord sites. 
4.5 Conclusions 
The New Zealand fiords are a relatively young evolutionary system. Our data suggest 
that they underwent several events of colonisation from open coast populations of C. 
muricata, and that some of the current populations may have been founded after a 
recent extinction event. The pattern of population genetic structure among the fiords 
likely indicates a secondary contact between a northern population and a southern one 
( e.g. Long Sound), separated by a contact or mixing zone. In addition, population 
genetic structure observed between the fiords and Stewart Island suggests that once sea 
star larvae are transported out of the fiord the likelihood of entering another fiord is less 
than that of being transported further along the open coast. Therefore, for this species, 
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the fiords might act as barriers to dispersal (strong to weak), facilitating genetic drift 
within fiord populations. Long Sound might have diverged by genetic drift and isolation 
in consequence of the effect of the estuarine circulation and sill depth and hence, these 
characteristics may have a weak, undetected effect in the other fiords. Yet, the other 
fiords are not closed. This was confirmed by the lack of genetic differences and the 
pattern of isolation by distance observed among the northern group of samples. 
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VI-General conclusion and perspectives 
1 Introduction 
In the marine environment, many marine organisms possess a planktonic larval stage 
that can be widely dispersed by currents, thereby considerably enhancing gene flow 
among populations (Palumbi 1992). Genetic partitioning is thought to occur primarily 
through ecological and geographical influences (e.g. dispersal capability, niche 
partitioning, local adaptation) (Hedgecock 1986, Palumbi 1994). 
In this thesis, I focused on the impact of hydrographic barriers, geographic distance 
and habitat discontinuities on genetic differentiation of two echinoderm species with 
long lived pelagic larvae, the sea urchin Evechinus chloroticus and the sea star 
Coscinasterias muricata. The analysis was realised at two geographic scales, at a 
macro-geographic scale around New Zealand and at a meso-geographic scale, among 
the New Zealand fiords. 
2 Population genetic structure around New Zealand 
At a macro-geographic scale, the complexity of the water circulation, associated with 
rapid changes in temperature and salinity, around New Zealand provided a good 
opportunity to examine how broad scale circulation may affect dispersal. 
As expected for species with long pelagic larval phases, large dispersal potential has 
been observed around the North and the South Island of New Zealand. However, in 
this study, restricted gene flow was detected between North and South Islands for 
both the sea urchin E. chloroticus and the sea star C. muricata. Similar patterns of 
genetic partitioning have been observed for many organisms with different life 
histories around New Zealand (e.g. the green-lipped mussel Perna canaliculus, Smith 
1988, Apte and Gardner 2002; the surf clam Paphies subtriangulata, Smith et al. 
-
1989; macroalgae, Nelson 1994; the brittle star Amphipholis squamata, Sponer and 
Roy 2002) suggesting that water circulation around New Zealand is likely to be 
important for the dispersal capability of larvae, either by connecting distant locations 
(e.g. around the North or around South Island); but also by creating strong barriers to 
gene flow between the two islands for many marine species. 
For E. chloroticus and C. muricata, the genetic divergence between North Island and 
South Island samples is also likely due to the current retroflections and selection 
associated with the rapid change in temperature and salinity between the two main 
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water masses surrounding New Zealand. However, our sample collection was 
restricted to a few samples distributed unevenly around New Zealand and this study 
should be considered a preliminary study. A model of isolation by distance between 
North and South Island open coast samples could not be rejected. Genetic 
heterogeneity was also observed among the South Island samples, located within the 
same water mass and within the potential geographic range of larval dispersal. In 
South Island, the effect of water circulation on gene flow is likely coupled to local 
adaptation in some sites (see below). 
For C. muricata, the analysis of genetic variation was limited to sites along New 
Zealand's West Coast. This study revealed high genetic differentiation between 
samples of the south of South Island (Stewart Island, Fiordland), and northern 
samples (north of South Island (Nelson) and North Island (Maori Bay)). However, 
due to the sampling design, it was difficult to test the effect of water circulation for 
this species. Only samples collected in the fiords and Stewart Island were available in 
South Island. As it has been demonstrated for E. chloroticus (Chapter IV) and 
suggested for C. muricata (Chapter V), the genetic differences observed at these sites 
might be due to the particular environmental and physical characteristics of these sites 
and no further conclusion could be drawn without the study of more open coast 
samples around New Zealand. Moreover, since individuals of C. muricata from Maori 
Bay and Nelson may be fissiparous (Skold et al. 2002), the haplotype frequencies 
observed in these sites might not reflect the genetic composition of the populations. 
3 Population genetic structure among New Zealand's 
fiords 
At a meso-geographic scale, the New Zealand fiords provided an opportunity to study 
genetic partitioning among populations in a fragmented landscape with large 
differences in habitat. Fiords in Norway, Chile and New Zealand are generally 
characterised by a mean estuarine circulation, a shallow sill separating the fiord from 
the open coast, and strong environmental gradients in term of salinity, temperature 
and productivity. Up to now, little is known about how fiord systems might affect 
population genetic structure of marine organisms. The effect of fiord environments on 
gene flow has been studied for several marine organisms, principally in the 
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studies of several benthic invertebrates exhibited random geographic subdivision (the 
black coral Antipathes fiordensis, Miller 1997; the brachiopod Terebratella 
sanguine a, Ostrow et al. 2001; the sea star Coscinasterias muricata, Skold et al. 
2003). The young age and the potential restriction of gene flow resulting from the 
strength of the estuarine circulation of the fiords are thought to have had significant 
effects on the population structure of these species in Fiordland. Population genetics 
of several species of pelagic fishes and a few other organisms were analysed in the 
Norwegian fiords. Most of them showed genetic differences between fiords and open 
coast populations (the Atlantic herring Clupea harengus L., Jorstad et al. 1994; the 
Atlantic cod Gadus morhua, Fevolden and Pogson 1997, Mork and Giaever 1999; the 
resident plankton Acartia clause, Bucklin et al. 2000; the glacier lantemfish 
Benthosema glaciale, Suneetha and Salvanes 2001; the pearlside Maurolicus muelleri, 
Suneetha and Nrevdal 2001). Several mechanisms were proposed to lead to genetic 
differentiation in the Norwegian fiords: 
(i) A topographic barrier posed by the sill at the fiord mouth might restrict gene flow 
via adults to some extent (Suneetha and Salvanes 2001, Suneetha and Nrevdal 2001); 
(ii) Behaviour such as philopatry or residency of species might isolate reproductively 
populations (Bucklin et al. 2000, Suneetha and Salvanes 2001, Suneetha and Nrevdal 
2001); 
(iii) Local adaptation or selection due to mortality of larvae and difference in fitness 
in response to environmental gradients (e.g. temperature and salinity) (Fevolden and 
Pogson 1997, Vagsholm and Djupvik 1998, Mork and Giaever 1999, Suneetha and 
Salvanes 2001, Suneetha and Nrevdal 2001). 
However, some studies observed differences at loci which might be affected directly 
by selection and which thus may give erroneous estimates of the level of gene flow 
(Fevolden and Pogson 1997, Mork and Giaever 1999). Several studies did not show 
any genetic difference between Norwegian fiord and open coast samples (the haddock 
Melanogrammus aeglefinus, Girever and Forthun 1999; the drifting plankton Calanus 
helgolandicus, C. finmarchicus and C. glacialis, Bucklin et al. 2000; the eelpout 
Zoarces viviparous, Olsen et al. 2002). For the drifting plankton (Bucklin et al. 2000), 
it was suggested that exchange was occurring periodically by drifting with the 
currents. For the eelpout (Olsen ·et al. 2002), fiord were previously inhabited by 
differentiated populations and Olsen et al. (2002) suggested that in their present study, 
the presence of one unique population in and out of the fiord could be explained by 
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the extinction of the former fiord population and the recolonisation of the fiord by the 
outer coast population. These studies show that fiord systems are not closed for all 
orgamsms. 
With this large range of examples, it is possible to conclude that marine environment 
and particularly the fiord systems will not affect all species the same way and by the 
same mechanisms. 
In the Norwegian examples, behaviour and active swimming of adults or larvae might 
be an important factor in the pattern of genetic population structure observed. These 
factors might reduce the possibility of testing the effect of selection pressures 
resulting from the fiord environment on adult fitness, and the effect of fiord hydrology 
on gene flow as adults may be able to migrate widely between fiord and outer coast 
habitats. In contrast, for the sea urchin E. chloroticus and the sea star C. muricata, the 
life cycle is characterized by a benthic and little motile adult phase, high fecundity, 
external fertilization and extensive passive larval dispersal that should prevent 
geographic isolation. These characteristics thus allowed us to consider the effect of 
hydrography, topography of the fiords on larval dispersal and to assess the potential 
for environmental selection pressures on larvae and also on adults as they stay in the 
same habitat until reproduction. Moreover, this study provided the opportunity to 
compare replicate natural populations existing within similar ecosystems within the 
fiords and, hence, exposed to similar selective pressures, but which differ singularly 
in the effectiveness of putative barriers to larval dispersal. For. E. chloroticus, an 
extensive sampling in the inner and outer regions of each fiord was collected in order 
to attempt to connect the pattern of gene flow with specific environmental parameters 
of the fiord environment. 
For both species, significant population structure was found at short distances within 
fiords, among fiords and between fiords and open coast. For E. chloroticus, two 
groups of populations were revealed: one group included samples from outer sites of 
the fiords, and the second group comprised samples from inner sites. Low genetic 
heterogeneity was observed within each of these groups. For C. muricata, population 
genetic differentiation presented a north to south cline amongst fiord sites. Partition of 
genetic variation among fiord samples was investigated in association to: (i) the age 
of the fiords, (ii) a proxy of the strength of the estuarine circulation in the fiords, (iii) 
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For both species, some populations might have undergone several events of extinction 
and founder events, which might create temporal genetic differentiation (Hedgecock 
1994, Palumbi 1994). However, on a longer term, it is unlikely that genetic 
differentiation persisted in absence of partial isolation due to large probability of 
multiple invasions for marine organisms with large dispersal potential. Therefore, for 
genetic differentiation t~ be observed in the longer term, populations need to be 
partially isolated. Strength of the estuarine circulation (hydrology) associated with 
topography ( e.g. shallow sill at the mouth of the fiords) in Long Sound may have 
caused a restriction of larval exchange between this fiord and the open coast, 
provoking the outlying genetic differentiation observed between Long Sound and the 
other fiords for both species. In the other fiords, it is thus likely that estuarine 
circulation might have a weak effect, undetected in this study. 
3. 1 Evechinus ch/oroticus 
For E. chloroticus, the differentiation between groups A and B may have occurred 
either before the opening of the fiords and has been followed by a secondary contact 
in the fiords, or after the colonisation of the fiords. Since the colonisation of the 
fiords, limited gene flow between groups A and B, corresponding to two habitat types, 
is most likely maintained by local adaptation due to strong gradients in a number of 
specific environmental variables between outer and inner sites of the fiords. No 
significant genetic differentiation was observed within each ecotype and therefore, no 
restriction of larval dispersal is expected among the fiords. 
Selection often only affects the markers under direct selection while other markers do 
not show any differentiation. However, for E. chloroticus, we showed that local 
adaptation also affected genetic pattern of four potentially unlinked neutral markers. 
In absence of a strong barrier to gene flow, this implied a partial reproductive 
isolation between the two groups of sea urchin ( ecotypes ). 
A classic problem in evolutionary biology is to understand how reproductive isolation 
is acquired (e.g. allopatry vs. sympatry) and to distinguish the changes that occur 
during this acquisition from those that occur afterwards as a result of reproductive 
isolation (Palumbi 1994 ). The acquisition of mechanisms of reproductive isolation 
(partial or complete) between the two ecotypes may have occurred either in allopatry 
and has been followed by a secondary contact in the fiords ( allopatric hypothesis), or 
in sym- or parapatry within the fiords (sym- or paraptric hypothesis). We suggest that 
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reproductive isolation might have been acquired or at least maintained by habitat 
specialization if the selection is strong enough and associated with assortative mating. 
From our results, we suggest the following scenario to explain the pattern of 
distribution of E. chloroticus ecotypes A and B in the fiords. In the areas where the 
selection is effective, only the best adapted genotypes might be able to disperse, settle, 
survive and participate in the reproduction of future generations. As fertilization is 
likely to occur among adapted mates from the same site due to the short life span of 
the gametes ( assortative mating), habitat specialization would maintain the barrier to 
gene flow between the two ecotypes. The position of ecotypes A and B in the fiord is 
likely to be determined by environmental characteristics, mostly food availability and 
wave exposure, or maybe growth morph. Although habitat specialization is favoured 
because an ecological segregation was observed, a number of other mechanisms of 
reproductive isolation are possible, such as larval habitat choice, assortative mating 
through preferential fertilisation, spawning asynchrony and reduced "hybrid" fitness. 
These mechanisms may be necessary in addition to habitat specialization in order to 
maintain the differentiation between groups A and B if enviromnental selective 
pressure were not strong enough to prevent adapted genotypes to recruit in a wrong 
habitat. 
In presence of reproductive isolation between the two ecotypes, the status of single 
species for E. chloroticus is questioned. 
3.2 Coscinasterias muricata 
For C. muricata, the pattern of population genetic structure among the fiords likely 
indicates a secondary contact between a northern population and a southern one ( e.g. 
Long Sound), separated by a contact or mixing zone. In addition, fiord samples 
appeared to be more differentiated from each other than they were from Stewart 
Island, suggesting that once sea star larvae are transported out of the fiord the 
likelihood of entering another fiord is less than that of being transported further along 
the open coast. For this species, the fiords hydrography may restrict to some extent 
gene flow between fiords and open coast. However, some of the fiords showed no 
significant divergence and therefore, the fiords are not closed. Indeed, isolation by 
distance has likely caused the genetic structure observed among the northern fiords 
samples. 
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4 Conservation and management 
Our results have significant consequences for fiord conservation and management 
planning. In terms of management of the E. chloroticus fishery and conservation in 
general, our results provide evidence of existence of different stocks around New 
Zealand and among the fiords which should be taken into account in fishing practice. 
At least three management units were identified around New Zealand (as defined by 
Moritz 1994, Feral 2002). One unit was observed in the North Island. In the South 
Island, groups A and B did represent two management units both present in the 
Fiordland region. Discrete management procedures would be therefore more 
appropriate than considering populations around New Zealand as one unique stock. 
In term of conservation, some of the fiords, such as Long Sound, may possess 
uniquely genetically structured populations relative to other fiords and open coast 
populations as suggested for both E. chloroticus and C. muricata species. The 
conservation value of such fiords is thus enhanced and each should be treated as a 
distinct management unit, rather than attempting to manage the Fiordland region as a 
whole, as is the case at present. This has been noted and is part of a new plan to 
manage the Fiordland reserves. This highlights the important genetic diversity around 
New Zealand and the particular marine environment present in the Fiords. 
5 Perspectives 
5. 1 General notes 
In the present thesis, two main deficiencies undermine confidence in some 
conclusions. For E. chloroticus, three microsatellite markers (C29, B14 and A34), 
particularly the locus B14, showed significant excesses of homozygotes. Studies of 
inheritance will be required in the future in order to falsify non-Mendelian inheritance 
at the different loci used in analyses of population structure. In addition, temporal and 
spatial sources of variation might have been confounded in the sampling schemes. A 
temporal study of the genetic composition of E. chloroticus and C. muricata 
populations would be necessary in order to estimate the extent of genetic variation 
through time, between cohorts, which was not taken into consideration in the present 
work. 
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5.2 Population genetic structure around New Zealand 
In this thesis, only preliminary work has been presented on the population genetic 
structure of E. chloroticus and C. muricata around New Zealand. Analyses of evenly 
distributed sample sites around New Zealand would be necessary in order to support 
or reject the hypotheses that either larval dispersal is affected by the rapid change in 
temperature and salinity of the two main water masses circulating around New 
Zealand, or that genetic partitioning would be better explained by a simple isolation 
by distance model or local adaptation to particular environments. The increase of 
sample sites from the open coast would be also crucial for both species in the 
comparison between open coast samples over distances comparable to distances 
between fiord sites. For C. muricata, the collection of non fissiparous populations 
would ease the analyses. 
5.3 Population genetic structure of Coscinasterias muricata 
among the fiords 
The purpose of the analyses of C. muricata in this thesis was to rapidly compare the 
pattern of genetic partitioning of the sea star with the sea urchin species, and to 
complete the former analysis of allozyme markers carried out by Mattias Skold during 
his postdoctoral fellowship at Otago University. 
In the view of our results on both species, it would be interesting to collect more 
samples of C. muricata within the fiords, such as inner and outer. sites, in order to 
question the potential presence of a selective pressure on the sea star species and 
compare the pattern with the sea urchin species, knowing that they have the inverse 
population distribution within the fiords. In order to do that, it also will be necessary 
to use nuclear markers (which have a bi-parental transmission and recombine), in a 
first step to extend the allozyme study to more markers and on more sites and later 
using faster evolving markers with a less controversial neutrality such as the 
microsatellites. 
5.4 Allopatric or sym- parapatric hypotheses for the two 
Evechinus chloroticus ecotypes in the fiords 
Sequence variability in the mitochondrial DNA of E. chloroticus would give us 
phylogeographic information (Avise et al. 1987) which might help to further 
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investigate the possibility of historical allopatric isolation between ecotypes A and B. 
Up to now, no variable marker has been found over 1006 bp of two genes and of the 
100 bp of the mitochondrial DNA D-loop region of E. chloroticus, which might 
suggest a recent common ancestor. 
5.5 Local adaptation and reproductive isolation of Evechinus 
chloroticus ecotypes 
In order to better understand the selective pressures acting on E. chloroticus genome, 
further research will be needed. A temporal study of the genetic composition of E. 
chloroticus samples (nearly settled, adults) and larval pools dispersing in the fiords, 
would allow us to assess where larvae might come from, and at what stage of the life 
cycle selection may occur (e.g. pre or post settlement), allowing distinguishing a 
habitat choice by the larvae from the habitat specialisation after settlement. 
Furthermore, laboratory experiments would be necessary to determine the 
mechanisms of reproductive isolation between ecotypes A and B. The hypothesis of 
habitat specialisation is favoured because an ecological segregation is observed. The 
design of experiments using physical factors (e.g. food availability, disturbance, 
salinity) to predict allele composition would help us to confirm this hypothesis, assess 
the strength of the local adaptation and the possibility of the sym- parapatric 
hypothesis. However, local adaptation might not be sufficient to maintain the genetic 
differentiation between ecotypes A and B. A number of other mechanisms of 
reproductive isolation are possible. Laboratory experiments on gamete 
incompatibility, preferential fertilization (e.g. bindin gene, Palumbi 1999) between the 
two ecotypes, fitness ( e.g. growth rate, survival) in each ecotype and in crosses 
between ecotypes in different controlled environments can determine the potential 
mechanisms implicated. Spawning asynchrony would need to be also investigated 
within the fiords. The study of growth rate will allow us determining if the mean test 
diameter of the sea urchins is the result of phenotypic plasticity or if it represents a 
true genetic trait. 
In this study, no hybrid population or pure population could be defined with certainty 
due to the small genetic difference between the ecotypes, the limit of the method used 
and probably the sample collection. With the data available here, only two samples 
(3-BLO and 9-CC) might present an admixture of the two ecotypes. Even so, they 
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need to be examined in more details for evidence of admixture. It would therefore be 
interesting to increase the sample size, and use more advanced methods of analysis of 
Hardy-Weinberg and linkage disequilibria (e.g. Barton 2000, the method was not used 
in this thesis due to lack of access to Mathematica and time) to study the composition 
of the samples. Laboratory crosses such as listing above will also be of importance in 
the understanding of the interbreeding potential between the two ecotypes. 
5.6 Taxonomic status of Evechinus chloroticus ecotypes 
E. chloroticus is currently considered as a single species of sea urchin endemic to 
New Zealand. In order to better understand the taxonomic relationship between the 
two ecotypes, crossing experiments between the two ecotypes as listed above will 
confirm or reject the potentiality of a genetic barrier to gene flow between the 
ecotypes and assess the strength of the genetic barrier if it exists. In the presence of a 
genetic barrier, ecotypes A and B might be two sub-species. In addition, it would be 
interesting to search for diagnostic loci or morphological traits for the two ecotypes. 
The New Zealand fiords are a young evolutionary system and only a small genetic 
difference was observed between the two ecotypes. Ecotypes A and B might be at the 
beginning of the process of speciation. Therefore, following in the future the 
evolution of the two ecotypes in their contact zone (the fiords) could contribute 
significantly to our understanding of evolutionary processes leading to reproductive 
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Tissue samples were preserved as spine bases or muscle tissues from the Aristotle 
lantern for Evechinus chloroticus in a saline solution made of 20% dimethyl sulfoxyde, 
0.25 M EDTA, saturated with NaCl, pH 8.0. For Coscinasterias muricata, tube feet of 
individuals were collected and preserved in ethanol or frozen in liquid nitrogen and 
stored at -80°C. 
Three different extraction protocols were used depending on the sample tissue. 
Muscle tissues were digested by action of 250 µl of 2X CTAB buffer, 75 µl of 
TNE and 20 µl of proteinase K (10 mg/ml) (Sigma) left 1.5 h at 65°C. Genomic DNA 
was extracted from the digest using 250 µl of chloroform: isoamyl alcohol (24: 1 v/v, 
lx). Tubes were shaked for 2 min and centrifuged for 2 min at 2000g. Supernatants 
were transferred into new tubes. DNAs were precipitated by addition of 150 µl of 100% 
ethanol and 18 µl of 3 M NaOAc, centrifuged at 4°C for 5 min at 15 300g and washed 
with 700 µl of 70% ethanol, centrifuged at 4°C for 2 min at 15 300g. Ethanol was 
removed and DNA was dried for 8 min at 65°C. Thirty µl of deionised water were then 
added. 
DNAs from spine base tissues were extracted using either the Chelex extraction 
method (Walsh et al. 1991) or the "salt extraction method". For the "salt extraction 
method", tissues in saline solution were centrifuged for 2 min at 8000g. The saline 
solution was then carefully removed. Tissues were digested by action of 200 µl of 
TNES buffer and 20 µl of proteinase K (10 mg/ml) (Sigma) left 2 h at 65°C. Twenty 
five µl of NaCl 6 M were added. Tubes were centrifuged at 4°C for 10 min at 14 OOOg. 
Supernatant was collected into new tubes. DNA was precipitated adding 300 µl of 
100% ethanol, centrifuged at 4°C for 20 min at 15 300g and washed with 70% ethanol, 
centrifuged at 4°C for 20 min at 15 300g. Ethanol was removed and DNA was dried for 
8 min at 65°C. Thirty µ1 of deionised water were then added. 
DNAs were also extracted from frozen tube feets for C. muricata or spine base 
tissues for E. chloroticus using the Chelex extraction method (Walsh et al. 1991). One 
tube feet for each individual of the sea star or a little piece of spine base muscle tissue 
for the sea urchin was added to 500 µ1 of 5% Chelex solution (Chelex, Bio-Rad, 
Richmond, CA) and incubated overnight at 56°C. Tubes were vortexed 5-10 s and 
heated at 100° C for 10 min, vortexed again and centrifuged at 13 OOOg for 3 min. 










See also Perrin and Roy (2000), Appendix X. 
All microsatellite loci were isolated from Evechinus chloroticus by C. P. 
For isolation of microsatellite loci, we used a pool of 5 individuals from 3 different sites 
of the same fiord (Doubtful Sound). 
1 Enrichment procedure 
Enrichment of the genomic library was a modification of the method of Kijas et al. 
(1994) (in Reusch et al. 1999) and Inoue et al. (1999). Genomic DNA was digested 
with restriction enzyme NdeII (Roche). The 250-800 bp fraction from the digest was 
size selected from an agarose gel (1.5%) and purified with a Gel purification kit 
(Qiagen). About 100 ng of fragments were sticky-end ligated into a range of 100 to 400 
ng of BamHl cut pUC18 (Amersham Pharmacia) by action of 1.5 units of ligase 
(Roche) in a volume of 15 µl, for 16 h at 4°C. The inserts were amplified in a PCR 
using forward and reverse universal primer M13. PCR amplification was carried out in 
50 µl reaction mixture containing 5 µI of ligation reaction, 0.2 mM of each dNTP, 1.5 
mM MgCh, lx Taq buffer, 0.5 µM universal forward primer M13, 0.5 µM of universal 
reverse primer M13, and 1.25 unit Taq polymerase (Roche). The PCR program was: 4 
min denaturation at 94°C, followed by 31 cycles of 1 min at 94°C, 1 min at 53°C, 1 min 
at 72°C and finished by a last elongation of 10 min at 72°C. The 250-800 bp 
amplification fragments from the PCR were size selected from an agarose gel as above. 
In order to hybridise DNA to probes, about 100-500 ng of amplified DNA was mixed 
with 2 pmol of 5'-biotinylated repeat probes (GA12 or GT12 or AAT9) in 20 µl of 
extension solution containing: 0.2 mM of each dNTP, 2 mM MgCh, lx Taq buffer, one 
probe and 0.5 units Taq polymerase (Roche). This mixture was subjected to one round 
of PCR (5 min at 94°C, 1 min at 55°C, 10 min at 72°C). Products were purified with 
High Pure PCR product purification kit (Roche), eluted in 30 µl of deionised water. 
This was then added to 300 µl of Streptavidin MagneSphere Paramagnetic Particles 
(Promega) and incubated for 15 min at room temperature with 120 µl of 6x SSC/ 0.1 % 
SDS, and mixed continuously. Unhybridised inserts were removed by a series of washes 
in 150 ul of 6x SSC/ 0.1% SDS for 15 min: once at 60°C, 65°C, 70°C, 75°C and twice 
in 150 µl of 6x SSC at 80°C. The captured emiched DNA strands were then eluted with 
100 µl ofO.l MNaOH at 80°C for 10 min. The solution was neutralised by the addition 
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of 100 µl TE pH 7.5 and purified with High Pure PCR product purification kit (Roche) 
and subjected to the same PCR than above. PCR product was purified and a further 
round of enrichment (hybridisation and elution) then undertaken. 
2 Ligation and transformation 
Twice enriched purified inserts were digested with the restriction enzyme Ndell 
(Roche). The 250-1000 bp fraction from the digest was size selected from an agarose 
gel and purified as above. About 100 ng of fragments were sticky-end ligated into 
BamHI cut/dephosphorylated pUC18 (Amersham Pharmacia) as above. 
Ten µl of ligation reaction was cloned in 100µ1 of XLl-Blue competent cells (Julie 
Mustard pers comm.). After overnight growth on agar plates containing Luria-Bertani 
(LB) growth medium restricted with ampicillin (60 mg/1), white colonies were picked 
and transferred in 5 ml of ampicillin-LB broth in bottles and incubated at 37°C, 225 rpm 
for 3.5h. Cells were conserved in 15 % glycerol at -20°C. 
3 Screening 
Clones were screened by PCR in a 10 µl reaction volume, using an equal concentration 
of one of the two universal primers and one repeat probe (GA12 or GT12 or AAT9). 
Products were visualised by agarose gel electrophoresis (2%) under UV light, using 
ethidium bromide. Clones giving one band were expected to contain a microsatellite. 
Productivity of the cloning method was estimated for the probes· GA12 and GT 12. 
Approximately 70% (19) and 45% (7) of the clones were positive for GA12 and GT12 
probes respectively. Screening of the same clones was attempted by using both M13 
primers and the complementary probe in the same PCR reaction ( as in Gardner et al. 
1999). However, only 10% of clones for each probe were positive, indicating that this 
screening method is unreliable. 
4 Sequencing 
Positive clones were amplified with the two universal primers and cycle sequenced 
using Big-Dye cycle sequencing kit (Applied Biosystems) for automatic sequencing. 
Termination fragments were separated and read on an ABI377 automated sequencer. 





1989). Primers for PCR amplification were designed from sequence flanking repeats 
using PRIMERselect (DNAstar) or by hand. 
In order to check the global efficiency of the method, 18 and 6 positive clones with 
GA12 and GT12 repeats respectively were amplified with M13 primers and sequenced. 
Eighteen and 5 sequences contained microsatellites respectively and 11 and 4 were 
unique resulting in a final enrichment efficiency of approximately 45% for GA12 and 
30% for GT12. 
5 Analysis of repeat lengths of microsatellites 
The list of the six microsatellite loci used in this study are given in Table 1. Most of 
them are dinucleotide repeats (2 bp motif), some are trinucleotide repeats, perfect or 
imperfect. Five of the microsatellite loci used in the study are published in Perrin and 
Roy (2000) and submitted to GENBANK. 
PCR amplifications of sample DNA were performed in 10 µ1 reaction mixture: 20-200 
ng DNA, 0.2 mM of each dNTP, 1.5 mM MgClz, 10 mM Tris-HCl (pH 8.3), 50 mM 
KCl, 0.5 µM ofy33 ATP-labelled forward primer, 0.5 µM of reverse primer and 0.25 unit 
Taq DNA polymerase. Different PCR regimes were used (Table 1 ). Alleles were 
separated on a denaturing polyacrylamide gel (5%) (Long ranger gel solution, FMC) in 
0.5x TBE buffer for 1.5 hat 60 Wand visualized using autoradiography (Biomax film, 
Kodak). 
5. 1 Linkage disequilibrium 
Linkage disequilibrium between each pair of loci used in the thesis was estimated using 
the program LINK.DIS TEST SUR PERMUTATION implemented in GENETIX (1000 
permutations, p<0.05) (Belkhir et al. 2001). One thousand pseudo-values were 
computed by permutation of genotypes within the total sample. The null hypothesis of 
no linkage disequilibrium between loci was tested by comparison of the observed value 
to the 1000 pseudo values. This test was applied for each pair of loci for all populations 
grouped together. No linkage disequilibrium was detected between each pair of loci and 
all loci were therefore assumed to be independent (Table 2). 
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Table 1: Characteristics of the six Evechinus chloroticus microsatellite loci used in this study. PCR programs are : (1) 31 cycles of 15s at 94°C, 10s at annealing temperature, 10s at 
72°C; (2) 4 min at 94°C, 31 cycles of 1 min at 94°C, 1 min at annealing temperature, 1 min at 72°C and finished by 10 min at 72°C. 
Locus Primer sequences (5'- 3'-) Repeat array PCR Annealing 
program temp.(°C) 
Cl F:CTGCCCGGAAGTATTGTTATTG (AG)23 1 53 
R:CATTTCGGCCACGGTCACT 
C29 F:GAATAAACATTTACAAATCTGTC (AG)11 2 55 
R:ATAAAAAGGGAAACGAAACAAGAA 
G29 F:GATCGGTATGATAAACTT (CT)3CC(CT)3AT(CT)10 1 45 
R:ATGCATGGGTAGGTGTG 
A34 F: ACGGTTCGATTGAGAGAG (AG)19 1 51 
R:TGACGGGGCAGGAAATGTG 
B14 F:GATCATTGAGATGGCGATG (GT)6 1 51 
R:GCACCCACACGTACGCGC 
AAT42 F:GGATCCCCACCATTGTT (TTA)sTTG(TTA)3 1 51 
R:CGCGCTATAGGGAAGTCT 








Table 2: Test of significance oflinkage disequilibrium for each pair ofloci after 1000 permutations using the program LINK.DIS TEST SUR PERMUTATION in GENETIX (1000 
permutations, p<0.05) (Belkhir et al. 2001 ). p, probability in percentage of the observation estimated asp = (n+ I )/(N+ 1) where n is the number of pseudo values equal or greater 
than the observed value and N, the number of permutations (Sokal and Rohlf 1996). 
Pairwise linkage C29-Cl C29-B14 C29-G29 C29-A34 C29-AAT42 Cl-B14 Cl-G29 Cl-A34 Cl-AAT42 B14-G29 B14-A34 B14-AAT42 G29-A34 G29-AAT42 A34-AAT42 












1 Gene diversity 
Genetic variation within populations of Evechinus chloroticus and Coscinasterias 
muricata in this study was measured by average gene diversity or average 
heterozygosity which is the expected heterozygosity under the assumption of Hardy-
Weinberg equilibrium: 
AH = (I-Ix/), where X; is the frequency of the ith allele. Ix/ is also the 
homozygote frequency under Hardy-Weinberg equilibrium. 
The observed heterozygosity (H0 ) is the percentage ofheterozygote in a sample. 
Expected heterozygosity (He) is used instead of observed heterozygosity (H0 ) because it 
depends only on allele frequencies and not on the mating pattern or ploidy of the 
organism for example. Expected heterozygosity can therefore be used also for haploid 
markers. Moreover, by sampling, we do not know the real frequency of alleles in the 
population and we need to correct the expected heterozygosity for sample size. 
Therefore, 
1- for diploid markers (microsatellite markers): 
AH= 2N/(2N-I) (I-Ix/), where N is the sample size, and x; is the frequency of 
the ith allele. 
2- for haploid markers (mitochondrial DNA D-loop marker): 
AH= Nl(N-I) (]-Ix/), where N is the sample size, and x; is the frequency of the 
ith allele. 
Genetic diversity was also estimated using the mean number of alleles per locus and per 
population. Heterozygosity and mean allele number values were calculated using the 
program V ARIABILITE in the software GENETIX (version 4.02, Belkhir et al. 2001). 
2 Nucleotide diversity 
DNA polymorphism for populations of C. muricata was measured by the nucleotide 
diversity ( or heterozygosity at the nucleotide level), the average number of nucleotide 
differences per site between two sequences, corrected for sample size: 
II= N/(N-I) I: x; x1 lliJ (Nei 1987), where N is the sample size, x; is the 
population frequency of the ith allele, and fl iJ is the number of nucleotide differences per 
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site between the ith and the t alleles estimated by the Kimura two-parameter model of 
differentiation between sequences (Kimura 1980). 
Diversity measures of the 318 bp fragment of the mitochondrial DNA D-loop region of 













1 Wright's F-statistics 
See also the Genetix manual (Belkhir et al. 2001). 
The Wright's F-statistics parameters, F sr, FIT and Fis ( 19 51) are estimations of genetic 
differentiation and population structure. These parameters have been estimated for 
multi-allelic data using Weir and Cockerham (1984) parameters and variance analysis 
of allele frequencies. These parameters are widely used and allowed us to compare our 
data with different studies. 
Weir and Cockerham defined three components in the variance (Weir and Cockerham 
1984, Weir 1990): 
a is the variance component for between populations; 
b is the component for between individuals within populations; 
c is the component for between gametes within individuals. 
The total variance is v =a+ b + c. 
These parameters are related to Wright's F-statistics as: 
F1r: F = I - c/v estimates the correlation of genes within individuals 
("inbreeding"). FIT measures the reduction in heterozygosity of an individual relative to 
the total population. 
Fis: f= 1- c/(b+c) estimates the correlation of genes within individuals 
within populations. F1s measures the reduction in heterozygosity of an individual due to 
non random mating within its subpopulation. Important value of F1s can be due to 
consanguinity, selection, genetic structure within the subpopulation (Wahlund effect) ... 
Fsr: e = a/v estimates the correlation of genes of different individuals in the 
same population ("coancestry"). Fsr measures the reduction in heterozygosity of a 
subpopulation due to random genetic drift. Fsr is small if there is gene flow among 
subpopulations. Large value of Fsr might be due to barriers to migration, genetic drift 
within subpopulation or local selection (Slatkin 1987). 
The three parameters are related by: 
f= (F-B)l(l-6) 
The procedure FSAT in the software GENETIX estimates mean F1s on the total 
populations, of Fsr and FIT for an island model, where all populations are equivalent and 
represent a particular realisation of the migration/drift equilibrium. 
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Fsr is estimated by GENETIX using different estimators: 
(i) e of Weir and Cockerham (1984): 
e = LG; I "i.(a; + b; + C;) 
(ii) RH of Robertson and Hill (1984)-(in Weir and Cockerham 1984, p. 1363): 
A.V 
RH= "ia;*(l-p;)/ "i.(a; + b; + c;) * 1/(n-l), where p; is the frequency of i and n the 
allele number at the locus. 
Fsr estimated by Robertson and Hill (1984) gives more weight to rare alleles than 
weighted Weir and Cockerham. The Robertson and Hill estimator has a smaller 
variance for small value of Fsr but underestimates this value (Raufaste and Bonhomme 
2000). 
(iii) Raufaste and Bonhomme (2000) proposed a unbiased correction for RH: RH'. 
Fsr(RH) = RH= Bfor Fsr> 0.2 or allele number equal 2; 
Fsr (RH)= RH+ (RFPI (pop. nb. * (all. nb.-1))) * (I. [1/ p;]/(3* ·an. nb.)) for 
allele number> 2 and Fsr <= 0.2, where pop. nb. is the population number and 
all. nb. is the allele number. 
Raufaste and Bonhomme (2000) showed that: 
- For 0.00 < Fsr< 0.05: 
- For 0.05 < Fsr < 0.10: 
- For Fsr> 0.10: 
e is not biased but has a large variance 
RH is biased but has a small variance 
RH' is not biased and has a small variance 
e is not biased and has a medium variance 
RH is biased and has a medium variance 
RH' is not biased and has a medium variance 
Bis not biased and has a small variance 
RH is biased and has a large variance 
RH' is not biased but has a large variance 
Depending on the value of Fsr estimated between samples analysed in the study, B or 
RH' was chosen and used to estimate genetic differentiation between populations. 
2 Analysis of molecular variance (AMOVA) 
The program AMOV A (Analysis of Molecular Variance) in the software ARLEQUIN 
(Schneider et al. 2000) processes a hierarchical analysis of variance which partitions the 







intra-individual differences, inter-individual differences, inter-population differences 
(Weir 1996; Excoffier 2000; Rousset 2000). It also allows testing a particular genetic 
structure between defined groups of populations. 
AMOV A is based on analysis of variance of gene frequencies, but it can take into 
account the number of mutations between molecular haplotypes and this is the reason 
why this method was used for the analysis of C. muricata populations. 
The total molecular variance ( if) is the sum of the covariance component due to 
differences among haplotypes within population ( o}), the covariance component due to 
differences among haplotypes in different populations within a group ( crb 2), and the 
covariance component due to differences among the G populations ( cr/). 
The covariance components (a/s) can be used as analogous of F-statistics. 
F CT is the differentiation among group of populations. F cT = a/ I cl, 
FsT is the differentiation among populations independent from groups. FsT 
( a}+CJ/)I cl, 
Fsc is the differentiation among populations within groups. Fsc = CJ/I( CJ/+CJ/). 
The significance of the fixation indices is tested by permutation approach described in 
E?(coffier et al. (1992). 
CJc 2 and F ST are tested by permuting individual genotypes among populations and among 
groups. CJ/ and Fsc are tested by permuting individual genotypes among populations 
but within groups. CJ/ and F CT are tested by permuting whole populations among 
groups. 
Genetic differentiation among populations of C. muricata was estimated by analysis of 
variance of gene frequencies, taking into account the number of mutations between 
molecular haplotypes estimated by the Kimura two-parameter model of differentiation 
between sequences (Kimura 1980), for one group of populations (Fiordland) using the 
program ARLEQUIN (Schneider et al. 2000). 
For haploid data, 
FsT estimator <l>sT= CJa2!d 














See also Takezaki and Nei (1996) and PHYLIP's manual (Felsenstein 1993). 
Genetic distances represent the genetic differences between populations. They can be 
estimated by different methods and under different assumptions, depending on the 
model, the marker etc ... used. 
1 Distance measures based on geometric 
consideration 
Cavalli-Sforza and Edwards (1967) used an angular transformation. They proposed that 
the genetic distance between two populations can be measured by the chord length 
between points X and Y on the q (here nj )-dimensional hypershpere. This chord length 
is given by (2(1 - cos8))112• In practice, they used: 
De= (2/ w) * ~/(2(1 - ~(1 'VXiJYy)) 112, where XiJ and YiJ are the allele frequencies 
of the ith allele of locus j in the two populations analysed. r is the number of loci and nj 
is the number of alleles for locus j. 
2 Distance measures based on evolutionary models 
In population genetics, two main different models to generate new alleles are used: the 
infinite-allele model (1AM) and the stepwise mutation model (SMM). 
In the 1AM, every new mutation creates a new allele (Kimura and Crow 1964). It can be 
applied for nucleotide sequence data for example. 
The SMM has been primarly thought for microsatellite DNA loci. They are believed to 
be subject to slippage duplication or deletion of repeats. In this model, a mutation is 
assumed to increase or decrease the allele size or allelic state by one (repeat). 
Some authors have studied the accurency of this model (Shriver et al. 1993, Di Rienzo 
et al. 1994) and microsatellite loci seem to evolve in between the IAM and the SMM 
models. 
2. 1 Reynold's Fsr distance 
Reynolds et al. (1983) measure the genetic distance between populations which evolves 
under the effects of genetic drift and gene flow by a simple transformed value of e, 
D = - In (1-8). 
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This genetic distance is expected to be proportional with time for small divergence time, 
or when the number of loci used is large but under genetic drift only. 
2.2 Standard genetic distance (Nei's distance) 
· Nei (1972) developed a genetic distance measure under the 1AM whose expected value 
is proportional to evolutionary time when both effects of mutation and genetic drift are 
taken into account: 
With 
DA= -In (JXYIVJxJr) 
J (._, r ._, mj 2) 1 x= "-'i "-'i XiJ 1r 
J (._, r ._, mj 2) 1 y= "-'i "-'i YiJ ir 
JXY = (LI Lt11 Xij yij)lr 
Where xiJ and YiJ are the frequencies of the ith allele at the t locus in populations X and 
Y, respectively, ny is the number of alleles at the t locus, and r is the number of loci 
examined. 
It is assumed that all loci have the same rate of neutral mutation, and that the genetic 
variability initially in the population is at equilibrium between mutation and genetic 
drift, with the effective population size of each population remaining constant. 
2.3 (8µ)2 
Goldstein et al. (1995) and Slatkin (1995) proposed a genetic distance measure for 
microsatellite loci that increase linearly with evolutionary time when the mutation-drift 
balance is maintained throughout the evolutionary process and the SMM: 
(5µ)2 = L (µXk- µYk)2!r, where µXk and µYk are the mean numbers of repeats at the 
k-th locus in populations X and Y respectively and r is the number of loci examined. 
Even if this distance has been developed for microsatellite loci, it can not be used 
widely. The mutation rate should not vary with locus and organism and the variance of 
(5µ)2 is very high compared with other distance measures (Takezaki and Nei 1996). 
This method needs the use of a large number of loci. Moreover, the mutational pattern 
of microsatellite loci is likely to deviate from the SMM. Therefore, this distance 














3 CONTML Gene Frequencies Maximum Likelihood 
method 
CONTML estimates phylogenies by the restricted maximum likelihood method based 
on the Brownian motion model. It is based on the model of Cavalli-Sforza and Edwards 
(1967). The algorithm is described in detail in Felsenstein (1981). It assumes that each 
locus evolves independently by pure genetic drift. 
4 Comparison 
F elsenstein ( 1993) advices that if the pure genetic drift model is appropriate, you might 
consider using the maximum likelihood program CONTML. Like the Cavalli-Sforza or 
Reynolds et al. distances, it uses approximations that break down as loci start to drift all 
the way to fixation. Although Nei's distance will not break down in that case, it makes 
other assumptions about equality of substitution rates at all loci and constancy of 
population sizes. 
Takezaki and Nei (1996) and Rao et al. (1997) studied the comparison of the use of 
different method for genetic distance and phylogenetic trees by computer simulation. 
This study advises that ( among others): 
1- For all distance measures, the probability of obtaining the true topology was 
very low when the number of loci used was less than 10 but gradually increased 
with increasing number of loci. In general, this probability is lower for SMM 
than for 1AM. 
2- Distance measures DA and De are generally more efficient in obtaining the true 
topology than other distance measures under many different conditions 
examined for both 1AM ang SMM. Their high efficiencies are primarily due to 
the fact that they have smaller variances than others. 
3- The mean value of D and (5µ)2 increases linearly with time under the 1AM and 
the SMM, respectively, but the efficiencies of these measures in obtaining the 
true tree are quite low primarily because of the high variance of these distances. 
For (5µ)2, more than 100 loci are required to have a reasonably high probability 
value. 
Therefore, in this study, Nei's genetic distance was used in order to estimate genetic 
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distances between populations using microsatellite markers and visualised by non-
metric multidimensional scaling (MDS, Appendix VII) using the program PRIMER 
v5 (Clarke et al. 2001). The Maximum Likelihood method was used to estimate the 
population phylogeny in Chapter I. 
5 Nei's average number of differences between 
populations for mitochondrial sequence data 
The average number (dXY) of nucleotide substitutions per site between alleles from 
populations X and Y can be estimated by: 
dXY = ~ x; x1 llij (Nei and Li 1979), where llij is the number of nucleotide 
differences per site between the ith allele of population X and the l allele of population 
Y, estimated in this thesis by the Kimura two-parameter model of differentiation 
between sequences (Kimura 1980). 
The number of net nucleotide substitutions between the two populations (dA) is then 
estimated by: 
dA = dXY- (llx + llr)/2 (Nei and Li 1979), where llx and fly are the nucleotide 
diversity of population X and Y respectively. 
N ei' s average number of differences between populations of C. muricata was estimated 































This section is adapted from Clarke and Warwick (1994). 
In this study, genetic distances were visualised using non-metric multidimensional 
scaling (MDS) (PRIMER v5, Clarke et al. 2001). 
The non-metric MDS algorithm is an iterative procedure, constructing the MDS plot by 
successively refining the positions of the points until they satisfy, as closely as possible, 
the similarity relationship between samples ( Clarke and Warwick 1994 ). The fit of the 
data in two dimensions is measured by the stress factor, a measure of goodness-of-fit of 
the non-parametric regression of the distance in the MDS plot against the 
( dis )similarities matrix. 
Clarke and Warwick (1994) advised that: 
Stress < 0.05 gives an excellent representation with no prospect of misinterpretation. 
Stress < 0.1 corresponds to a good ordination with no real prospect of a misleading 
interpretation. 
Stress < 0.2 still gives a potentially useful 2-dimensional picture, though for values at 
the upper ends of this range too much reliance should not be placed on the detail of the 
plot. 
Stress < 0.3 indicates that the points are close to being arbitrarily placed in the 2-
dimensional ordination space. 
MDS works on the sample dissimilarity matrix, not on the original data array, so there is 
complete freedom of choice to define similarity of community in whatever terms are 
biologically most meaningful (genetic distances in our case). The ordination technique 
which is adopted in the non-metric MDS is complex but it makes few (if any) model 
assumptions about the form of the data or the inter-relationship of the samples, and the 
link between the final picture and the original data is relatively transparent and easy to 
explain. It has great flexibility both in the defmition and conversion of dissimilarity to 
distance and its rationale is the preservation of these relationships in the low-
dimensional ordination space. For low stress, the MDS ordination is probably a more 
useful representation than a cluster analysis (Clarke and Warwick 1994). 
Nevertheless, the MDS representation presents some disadvantages. The convergence to 
the global minimum of stress is not guaranteed and the algorithm places most weight on 
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AEEendix Vill: Allele freguencies at the six microsatellite loci within sameles. QY} samEle size. 
1- 1- 2- 3- 3- 4- 4- 5- 5- 6- 7- 8- 8- 9- 9- 9- 9-
MILO MIL PB BLO BL GEOO GEO CASO CAS CHS NAN SH CH cc RH EP oz 
C29 
(N) 39 40 40 25 34 40 38 40 38 30 39 38 39 40 39 38 40 
96 - - - - - - - - - - - - - - 0.01 
98 
100 0.27 0.28 0.18 0.42 0.34 0.24 0.21 0.24 0.24 0.28 0.22 0.34 0.28 0.28 0.35 0.24 0.33 
101 0.01 0.03 0.05 - - 0.08 0.04 - 0.01 - - 0.04 0.01 - 0.01 
102 0.42 0.34 0.48 0.30 0.38 0.34 0.49 0.39 0.41 0.33 0.33 0.36 0.33 0.34 0.27 0.38 0.25 
104 0.08 0.15 0.14 0.10 0.10 0.13 0.07 0.10 0.14 0.17 0.19 0.11 0.12 0.15 0.08 0.17 0.18 
106 0.17 0.15 0.15 0.14 0.04 0.13 0.14 0.18 0.13 0.13 0.13 0.11 0.18 0.19 0.26 0.16 0.19 
108 - - - - - 0.01 
110 - - - - - 0.01 - - - - - 0.01 
112 0.05 0.06 0.01 0.04 0.12 0.08 0.05 0.10 0.05 0.08 0.13 0.04 0.08 0.05 0.01 0.05 0.06 
114 - - - - - - - - - - - - - - 0.01 
118 
130 - - - - 0.01 
138 - - - - - - - - 0.01 
9- 9- 10- 11- 11- 12- 12- 13- 13- 14- 15- 15- 16- 17- 18- 19- 20-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL CHK PRZ LG SB STI OT OM AHi 
C29 
(N) 39 37 39 39 39 40 36 38 28 36 40 37 43 34 38 30 32 
96 - - - - - - - - - - 0.01 
98 - - - - - - - - - - - - - - - 0.02 0.02 
100 0.28 0.30 0.21 0.24 0.28 0.35 0.26 0.28 0.32 0.32 0.16 0.18 0.35 0.29 0.34 0.32 0.31 
101 0.01 0.01 0.01 0.01 0.03 0.03 0.04 0.05 - 0.06 0.08 0.08 0.02 0.01 0.04 
102 0.31 0.27 0.32 0.31 0.36 0.25 0.39 0.26 0.25 0.32 0.31 0.32 0.43 0.43 0.34 0.32 0.36 
104 0.15 0.09 0.10 0.22 0.15 0.10 0.13 0.20 0.21 0.13 0.18 0.26 0.08 0.09 0.08 0.20 0.19 
106 0.19 0.23 0.26 0.15 0.10 0.21 0.08 0.14 0.11 0.14 0.23 0.11 0.10 0.07 0.16 0.05 0.03 
108 - - - - - - - - - - - - - - 0.05 0.08 
110 - - - - - - - - - - - - - - - - 0.02 
112 0.05 0.09 0.10 0.06 0.06 0.06 0.10 0.07 0.11 0.04 0.04 0.05 0.01 0.10 0.04 0.03 
114 
118 - - - - - - - - - - - - - - 0.02 




1- 1- 2- 3- 3- 4- 4- 5- 5- 6- 7- 8- 8- 9- 9- 9- 9-
MILO MIL PB BLO BL GEOO GEO CASO CAS CHS NAN SH CH cc RH EP oz 
C1 
(N) 39 40 40 25 35 . 40 35 40 38 30 39· 38 39 40 38 40 40 
100 0.03 0.03 0.03 0.01 0.02 0.01 0.01 0.01 
102 0.03 0.03 0.04 0.01 0.01 0.02 0.01 0.04 0.04 0.03 0.03 
104 0.01 0.01 0.06 0.02 0.03 0.09 0.06 0.04 0.03 0.07 0.03 0.03 0.01 0.04 0.07 0.08 0.01 
106 0.04 
108 0.05 0.06 0.04 0.02 0.06 0.08 0.04 0.03 0.07 0.13 0.05 0.03 0.05 0.08 0.07 0.06 0.03 
110 0.01 0.01 0.03 0.03 0.01 
112 0.09 0.08 0.05 0.10 0.09 0.10 0.14 0.10 0.04 0.07 0.08 0.07 0.08 0.06 0.07 0.04 0.03 
114 0.05 0.03 0.03 0.07 0.04 0.03 0.03 0.03 0.05 0.03 0.05 0.03 0.01 
116 0.08 0.06 0.09 0.04 0.07 0.08 0.03 0.04 0.05 0.02 0.04 0.08 0.09 0.05 0.08 0.09 0.10 
118 0.10 0.15 0.05 0.08 0.20 0.09 0.20 0.16 0.18 0.17 0.22 0.16 0.23 0.09 0.14 0.16 0.21 
120 0.06 0.03 0.06 0.08 0.03 0.06 0.05 0.05 0.07 0.04 0.01 0.06 0.03 0.05 0.05 
122 0.14 0.13 0.16 0.12 0.09 0.10 0.11 0.05 0.11 0.03 0.10 0.05 0.09 0.11 0.05 0.13 0.09 
124 0.05 0.04 0.05 0.08 0.06 0.03 0.09 0.08 0.07 0.03 0.06 0.07 0.04 0.08 0.07 0.09 
126 0.09 0.08 0.05 0.04 0.04 0.06 0.06 0.05 0.01 0.05 0.05 0.03 0.04 0.06 0.05 0.04 0.01 
128 0.08 0.03 0.01 0.04 0.02 0.04 0.01 0.01 0.01 0.01 
130 0.04 0.03 0.02 0.03 0.03 0.01 0.01 0.04 0.01 
132 0.06 0.10 0.16 0.20 0.07 0.08 0.07 0.14 0.14 0.13 0.01 0.11 0.06 0.10 0.08 0.14 0.08 
134 0.04 0.03 0.03 0.02 0.03 0.01 0.01 0.03 0.09 0.03 0.08 0.05 0.06 0.06 0.03 0.04 0.06 
136 0.03 0.03 0.04 0.01 0.06 0.03 0.03 0.04 0.04 0.04 0.06 0.03 0.03 0.03 
138 0.01 0.02 0.03 0.01 0.01 
140 0.05 0.03 0.04 0.04 0.01 0.04 0.01 0.01 0.08 0.01 0.01 0.04 0.04 0.08 
142 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
144 0.06 0.09 0.04 0.02 0.06 0.03 0.01 0.06 0.07 0.05 0.04 0.03 0.05 0.05 0.08 0.06 0.06 
146 0.01 0.01 0.04 0.03 0.03 0.01 0.03 0.01 
148 0.01 0.01 0.01 0.01 
150 
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9- 9- 10- 11- 11- 12- 12- 13- 13- 14- 15- 15- 16- 17- 18- 19- 20-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL CHK PRZ LG SB STI OT OM AHi 
C1 
(N) 39 36 39 39 39 40 39 38 28 39 39 37 43 33 38 30 32 
100 - 0.03 - 0.01 - - 0.01 0.03 - - 0.01 0.01 
102 - - 0.01 0.01 - - - 0.01 0.02 0.01 0.04 0.03 0.01 0.02 0.03 
104 - 0.03 0.09 0.03 0.04 0.04 0.04 0.11 0.04 0.04 0.04 0.01 0.08 0.05 0.17 0.10 0.03 
106 - - - - - - - 0.01 - - 0.01 - 0.02 0.01 0.02 
108 0.06 0.07 0.01 0.05 0.04 0.05 0.08 0.05 0.07 0.03 0.09 0.04 0.06 0.08 0.12 0.12 0.16 
110 - - 0.01 0.05 - - - 0.03 - - 0.03 0.01 0.02 0.01 - 0.11 
112 0.05 0.04 0.03 0.10 0.12 0.04 0.13 0.09 0.04 0.03 0.03 0.09 0.06 0.06 0.04 0.03 0.03 
114 0.01 0.01 0.04 0.01 0.03 0.01 0.05 0.03 0.09 - 0.01 0.07 0.02 0.03 - - 0.08 
.116 0.04 0.14 0.06 0.09 0.12 0.05 0.06 0.11 0.05 0.13 0.06 0.07 0.09 0.03 0.05 0.12 0.05 
118 0.15 0.17 0.12 0.10 0.15 0.21 0.23 0.09 0.14 0.22 0.06 0.14 0.13 0.23 0.11 0.12 0.05 
120 0.09 0.06 0.06 0.06 - 0.06 0.05 0.09 0.05 0.03 0.06 0.05 0.03 0.06 0.04 0.02 0.05 
122 0.08 0.03 0.14 0.06 0.06 0.14 0.05 0.08 0.09 0.06 0.13 0.07 0.08 0.08 0.09 0.05 0.06 
124 0.01 0.04 0.05 0.08 0.04 0.06 - 0.05 0.13 0.05 0.05 - 0.03 0.02 0.04 0.05 0.14 
126 0.08 0.04 0.10 0.04 0.05 0.05 0.03 0.05 - 0.01 0.08 0.07 0.07 0.03 0.07 0.03 0.02 
128 0.01 - 0.01 - 0.03 - - 0.04 0.04 0.03 0.01 - 0.02 - 0.01 0.05 0.02 
130 - - - 0.01 - 0.01 - - - - 0.01 0.03 0.05 0.03 0.01 0.08 0.05 
132 0.09 0.17 0.08 0.08 0.10 0.09 0.12 0.09 0.09 0.10 0.09 0.12 0.13 0.12 0.08 0.05 0.03 
134 0.09 0.06 0.01 0.05 0.03 0.05 0.04 - - 0.08 0.03 0.01 0.01 0.03 0.01 0.03 0.02 
136 0.06 0.03 0.06 0.03 0.04 0.01 0.03 0.01 0.04 0.04 0.03 0.03 0.02 0.02 0.05 0.03 0.05 
138 0.01 - 0.03 - - - - - - - - 0.01 - 0.02 - 0.02 
140 0.03 0.01 0.03 - 0.04 0.01 0.01 - 0.04 0.04 0.03 0.05 0.03 0.03 - 0.03 
142 - - - - 0.03 - 0.03 - - 0.01 0.03 0.01 - 0.02 
144 0.08 0.08 0.04 0.09 0.06 0.06 0.05 0.03 0.09 0.06 0.08 0.05 0.03 0.03 0.04 0.05 0.05 
146 0.01 - 0.01 0.03 0.03 0.03 - - - 0.01 - 0.03 0.01 0.02 0.01 0.02 
148 0.04 
150 - - - - - 0.03 - - - 0.01 
156 - - - 0.01 0.01 - - - - 0.01 
158 
162 - - - - - - - - - - - - - - - 0.02 
- 191 -
1- 1- 2- 3- 3- 4- 4- 5- 5-
MILO MIL PB BLO BL GEOO GEO CASO CAS 
B14 
(N) 38 40 40 26 34 37 35 39 37 
96 
98 0.03 
100 0.14 0.20 0.19 0.13 0.21 0.14 0.23 0.19 0.12 
102 0.86 0.75 0.81 0.85 0.79 0.84 0.74 0.79 0.88 
104 0.04 0.02 




9- 9- 10- 11- 11- 12- 12- 13- 13-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL 
814 
(N) 38 37 39 38 38 38 40 38 28 
96 0.04 0.01 
98 0.04 0.03 
100 0.14 0.24 0.18 0.16 0.16 0.14 0.25 0.16 0.21 
102 0.83 0.68 0.81 0.83 0.83 0.86 0.71 0.84 0.77 
104 0.01 
106 0.01 0.02 
108 
110 0.03 0.01 
112 
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9- 9- 9- 9-
cc RH EP oz 
40 39 40 38 
0.01 0.01 
0.01 0.04 0.01 0.09 
0.16 0.14 0.23 0.20 
0.83 0.79 0.74 0.71 
0.01 0.01 
17- 18- 19- 20-
STI OT OM AHi 
33 36 30 31 
0.03 
0.02 
0.17 0.24 0.15 0.23 
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1- 1- 2- 3- 3- 4- 4- 5- 5- 6- 7- 8- 8- 9- 9- 9- 9-
MILO MIL PB BLO BL GEOO GEO CASO CAS CHS NAN SH CH cc RH EP oz 
G29 
(N) 39 40 40 26 34 38 38 40 38 28 39 35 38 40 38 39 40 
98 
100 0.03 0.04 0.04 0.02 - 0.01 - 0.03 - 0.04 0.06 0.01 0.03 0.04 0.07 0.03 0.01 
101 0.05 0.34 - 0.06 0.25 0.03 0.08 0.34 0.29 0.18 0.28 0.01 0.32 0.11 0.18 0.22 0.28 
102 0.01 0.03 0.03 - - - - - 0.03 0.02 0.03 0.01 0.01 0.01 0.01 0.01 
104 0.50 0.16 0.44 0.42 0.29 0.46 0.39 0.25 0.33 0.34 0.31 0.43 0.25 0.31 0.22 0.35 0.24 
106 0.36 0.33 0.40 0.40 0.32 0.41 0.50 0.35 0.28 0.39 0.27 0.43 0.36 0.45 0.42 0.35 0.40 
108 0.05 0.06 0.03 - 0.10 0.04 0.01 0.03 0.07 0.02 0.04 0.04 0.04 0.03 0.07 0.01 0.08 
110 - 0.05 0.08 0.08 0.03 0.05 0.01 0.01 0.01 - 0.01 0.06 - 0.04 0.03 0.01 
112 - - - - - - - - 0.02 - - - 0.01 
114 - - - - - - - - - - - - - - - 0.03 
116 - - - 0.02 
9- 9- 10- 11- 11- 12- 12- 13- 13- 14- 15- 15- 16- 17- 18- 19- 20-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL CHK PRZ LG SB STI OT OM AHi 
G29 
(N) 39 37 39 39 39 38 40 36 28 38 40 39 42 33 38 29 32 
98 - - - - - - - - - - - 0.01 - - - 0.02 
100 - 0.01 0.05 0.01 0.04 - 0.06 0.06 0.02 0.01 0.05 0.01 0.04 0.02 0.01 0.07 0.11 
101 0.23 0.30 0.04 0.21 0.21 0.21 0.25 0.22 0.34 0.34 0.30 0.42 0.02 0.29 0.05 
102 0.03 - - 0.03 0.04 0.01 0.01 - - 0.01 0.04 - 0.01 - 0.01 0.05 0.06 
104 0.23 0.24 0.38 0.27 0.29 0.28 0.36 0.29 0.16 0.33 0.24 0.28 0.42 0.45 0.38 0.31 0.50 
106 0.41 0.34 0.46 0.40 0.35 0.43 0.29 0.35 0.36 0.28 0:35 0.22 0.48 0.18 0.46 0.28 0.20 
108 0.05 0.07 0.04 0.05 0.08 0.04 0.01 0.06 0.11 0.01 0.01 0.01 0.01 0.02 0.03 0.16 0.06 
110 0.05 0.04 0.03 0.04 - 0.03 - 0.01 - 0.01 0.01 0.04 0.02 0.05 0.04 0.07 0.05 
112 - - - - - - - 0.01 0.02 - - - - - 0.01 
114 - - - - - - 0.01 - - - - - - - - 0.03 0.02 
116 - - - - - - - - - - - - - - - 0.02 
- 193 -
1- 1- 2- 3-
MILO MIL PB BLO 
A34 




104 0.06 0.14 0.03 0.10 
106 0.09 0.06 0.03 0.08 
108 0.05 0.01 0.02 
110 0.01 0.01 0.02 
112 0.05 0.05 0.05 0.04 
114 0.03 0.04 0.02 
116 0.13 0.15 0.18 0.15 
118 0.05 0.13 0.16 0.08 
120 0.12 0.08 0.15 0.10 
122 0.21 0.20 0.23 0.21 
124 0.09 0.09 0.10 0.13 
126 0.03 0.01 
128 0.04 0.05 0.01 0.04 
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/ 
4- 5- 5-
GEO CASO CAS 
36 39 38 
0.03 
0.06 0.01 0.04 
0.01 0.05 0.05 
0.01 0.01 
0.03 0.05 
0.03 0.03 0.03 
0.03 0.04 0.01 
0.13 0.21 0.13 
0.15 0.13 0.14 
0.17 0.09 0.05 
0.19 0.26 0.24 
0.17 0.12 0.14 
0.01 0.01 





6- 7- 8- 8- 9- 9- 9- 9-
CHS NAN SH CH cc RH EP oz 
29 39 36 36 40 38 39 40 
0.01 
0.10 0.06 0.04 0.04 0.05 0.07 0.03 0.05 
0.10 0.08 0.11 0.04 0.09 0.07 0.05 0.05 
0.02 0.06 0.03 0.01 0.03 0.04 0.03 
0.03 0.01 0.03 
0.03 0.01 0.01 0.03 0.01 0.03 0.01 0.05 
0.03 0.05 0.01 
0.21 0.12 0.17 0.17 0.19 0.16 0.19 0.18 
0.09 0.12 0.08 0.13 0.13 0.08 0.12 0.03 
0.05 0.17 0.08 0.15 0.14 0.07 0.14 0.08 
0.22 0.24 0.31 0.21 0.24 0.25 0.24 0.28 
0.12 0.09 0.11 0.10 0.08 0.14 0.09 0.14 
0.01 0.03 0.03 
0.05 0.06 0.10 0.03 0.09 0.05 0.10 
0.01 
\ 
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9- 9- 10- 11- 11- 12- 12- 13- 13- 14- 15- 15- 16- 17- 18- 19- 20-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL CHK PRZ LG SB STI OT OM AHi 
A34 
(N) 39 36 37 37 39 38 39 36 28 39 40 38 43 31 37 30 32 
98 - - - - - - - - - - - - - - - 0,02 
100 
102 - - - - - - - - - - - - - - 0,01 
104 0.05 0.07 0.04 0.01 0.05 0.05 0.05 0.13 0.02 0.12 0.06 - 0.10 0.05 0.05 0.05 0.03 
106 0.04 0.03 0.04 0.08 0.03 0.03 0.03 0.06 0.04 0.04 0.06 0.04 0.05 0.08 0.05 0.13 0.03 
108 0.01 - - - - - - 0.03 - 0.04 0.03 0.05 - 0.03 0.01 0.02 0.02 
110 0.01 - - 0.04 0.03 0.01 0.01 0.01 - 0.03 - - - - 0.03 0.05 0.02 
112 0.03 0.06 0.04 - 0.05 0.05 0.03 0.03 0.04 0.01 0.05 0.04 0.07 0.08 - 0.05 0.02 
114 0.01 0.03 0.03 0.03 0.03 0.01 - 0.03 0.04 0.04 0.01 0.04 0.03 - 0.04 0.02 0.03 
116 0.24 0.18 0.14 0.19 0.15 0.18 0.18 0.17 0.16 0.18 0.20 0.30 0.15 0.15 0.18 0.17 0.25 
118 0.13 0.22 0.08 0.19 0.12 0.11 0.10 0.08 0.16 0.17 0.18 0.04 0.12 0.16 0.05 0.20 0.20 
120 0.09 0.07 0.19 0.09 0.13 0.17 0.12 0.11 0.11 0.06 0.08 0.09 0.07 0.08 0.19 0.02 0.09 
122 0.13 0.19 0.27 0.18 0.22 0.21 0.22 0.22 0.18 0.21 0.16 0.21 0.23 0.18 0.14 0.10 0.13 
124 0.17 0.04 0.11 0.08 0.12 0.14 0.18 0.08 0.13 0.04 0.10 0.11 0.10 0.13 0.22 0.10 0.17 
126 0.03 0.04 0.03 - - - 0.01 - 0.02 0.01 0.04 0.03 - - - - 0.02 
128 0.03 0.06 0.04 0.11 0.06 0.01 0.06 0.06 0.09 0.06 0.01 0.04 0.07 0.06 0.03 0.03 




1- 1- 2- 3- 3- 4- 4- 5- 5- 6- 7- 8- 8- 9- 9- 9- 9-
MILO MIL PB BLO BL GEOO GEO CASO CAS CHS NAN SH CH cc RH EP oz 
AAT42 
(N) 39 38 40 24 31 39 32 38 36 27 33 37 36 40 39 37 40 
100 0.04 0.09 0.05 0.03 0.03 0.05 0.06 0.04 0.05 0.06 0.08 0.03 0.08 
103 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 
106 0.40 0.42 0.38 0.50 0.35 0.36 0.39 0.25 0.35 0.37 0.29 0.39 0.38 0.44 0.36 0.31 0.34 
109 0.54 0.49 0.56 0.48 0.61 0.60 0.61 0.70 0.58 0.59 0.67 0.59 0.56 0.48 0.62 0.69 0.59 
112 
115 0.01 
9- 9- 10- 11- 11- 12- 12- 13- 13- 14- 15- 15- 16- 17- 18- 19- 20-
LIZ2 HA DAGG BSVO BSV WJO WJ GRLO GRL CHK PRZ LG SB STI OT OM AHi 
AAT42 
(N) 34 36 39 38 36 39 36 36 28 37 40 39 43 28 35 30 32 
100 0.06 0.06 0.04 0.05 0.04 0.01 0.01 0.07 0.04 0.04 0.03 0.04 0.03 0.05 0.05 
103 0.01 0.01 0.02 0.01 0.01 0.03 0.06 
106 , 0.34 0.28 0.38 0.51 0.49 0.38 0.50 0.44 0.41 0.35 0.34 0.40 0.50 0.46 0.40 0.37 0.50 
109 0.60 0.65 0.58 0.43 0.46 0.60 0.49 0.49 0.54 0.59 0.63 0.54 0.50 0.54 0.57 0.52 0.39 
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Appendix IX: Sequence of the 318 bp fragment out of the 366 bp fragment of Coscinasterias muricata mitochondrial DNA D-loop region analysed using single-strand DNA 
conformation polymorphism (SSCP). 
1 1111111112 2222222223 3333333334 4444444445 5555555556 6666666667 7777777778 



























052 .... G. 
053 .... G. 
054 
TTAGTGCACA AAGTTCTTTC TACTCAAGGA ATATCTAAAC CTTTCTAGCC TTCAGTTCTC AAGCTATTTT 
.. A.C ..... 
•• A ••••••• 
•• A •.....• 
.......... 
..•• T ..... 
••••• G •••• 
.•••• T •..• 
......... c 
G ••••••••• 
•••••.• G .• 
••••••• G •• 
G ••••••••• 
• •••••• G •• 
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1 1111111111 1111111111 1111111111 1111111111 1111111111 1111111111 
9999999990 0000000001 1111111112 2222222223 3333333334 4444444445 5555555556 
1234567890 1234567890 1234567890 1234567890 1234567890 1234567890 1234567890 
TTTCTCTTTC TATGTACCTA CCTCTTAAGC ACTCCTGCAC AAGTCCCTAC TAGACGAGTA TGATACGCTC 
.... A.- ... 
....•.. T .• 
•••.••• T •• 
. . . . . . -T .. 
• . • • • • -T •. 
. . . c ..... . 
. . . A ..... . 
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..... A .... 
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001 CGCAAAAGTA AAATTTTTTA 
002 . 
003 . 



































2222222222 2222222222 2222222223 3333333333 33333333 
7777777778 8888888889 9999999990 0000000001 11111111 
1234567890 1234567890 1234567890 1234567890 12345678 
TCATTTTTTT TTCAAAACTT TTTTTTAGTA CTTTTTTTTA AAAATTGG 
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Genetic differentiation amongst populations of the sea urchin 
.Evechinus chloroticus and the sea star Coscinasterias muricata in 
New Zealand's fiords 
C. Perrin , M.S. Roy 
Department of Zoology. Universitv of Owgo, New Zealand 
S.R. Wing 
Departmenr of A:farine Science, Universitv ,d' Otago, New Zealand 
ABSTRACT: The isolatory effects of New Zea.land's 14 deep-water fiords were genetically inferred as they 
apply to two echinoderm species (the sea urchin Evechinus chloro1icus and the sea star Cosci11asterias 
muricata). Two populations per fiord were genotyped for E. chloroticus across six microsatellite .loci and one 
population per fiord of C. muricata was analysed using 360-base pairs of mitochondrial DNA D-l.oop. Seveml 
populations of both species around New Zealand were chosen as outgroups. Significant genetic heterogeneity 
among fiordie populations was observed in both species f B ···, 0.006 (p < 0.001) for E. chloroiicus and 
0 ···, 0.158 {p < 0.001) for C. muricata]. For Evechinus chloroticus, two groups of populations 1vere revealed: 
one group included the populations sampled on outer sites of the fiords, and the second group comprised pop-
ulations from inner sites. For Coscinasrerias 1nuricara, population genetic differentiation amongst sites may 
represent a cline. 
KEYWORDS: Echinoderms, microsatellite, D-.loop, mitochondrial DNA, marine population genetics 
INTRODUCTJON 
Fourteen deep-water fiords span over 200 km of the 
south-west coast of New-Zealand. Glaciers that 
carved the Jong ( I0"-44 km) and narrow (0.7- 2.3 km) 
trenches receded 8,000 to 15,000 years ago and the 
fiords flooded with seawater (Smith 200 J ). Rivers, 
glaciers and substantial rainfall (up to 7 m per annum) 
neatc a high freshwater input into the fiords, result-
ing in a seawardly fio~ving surface low salinity layer 
(LSL) ofup to 12m thick. \v11ilc surface circulation 
is strongly forced by the local winds (Gibbs et al. 
2000), the mean circufation in the fiord is estuarine. 
The resulting up-fiord flow in the underlying sea 
water would tend to retain larvae in the fiords (Lamare 
1997, \.Ying et al., in prep.) and may limit dispersal 
among fiords. Since long distance dispersal is possi-
ble only during the larval phase for many benthie 
organisms the fiords are thought to be isolated or at 
least act a, genetic sinks. Moreover, sills (rising up to 
20 m below the surface) separate the mouth of each 
fiord from ocean and basins within the fiords. They 
7 
restrict seaward movement and therefore may affect 
genetic exchange benvcen fiords and ocean or between 
basins within fiords. Fiords contain strong environ-
mental gradients that influence dramatic shifts in the 
marine communities inhabiting different regions: the 
outer sites are dominated by macroalgal communities 
and arc subjected to an open coastal advective envi-
ronment influenced by strong westerly and south-
westerly storms, tidal mixing and eoastally trapped 
waves. Immediately inside the fiords the marine 
communities shift to become invertebrate dominant 
(Grange et al. 1981). Strong estmtrine cireulation 
dominates fiordie hydrngraphy. 
New Zealand fiords contain unique and endemic 
marine communities. The sea urchin Evechinus 
chlomticus (Echinodermata, Echinoidea) and the 
sea star Coscinasterias muricata (Echinodermata, 
Asteroidea) are present in all l 4 fiords. They possess 
an ,rnmwl reproductive cycle and produce plankto-
lrophic larvae with a pelagic existence of J ···2 months 
(Dix 1969, Walker 1984, Barker J 978). Therefore we 
expected these species to have a high dispersal potential 
and that .! ittlc population genetic structure \VOuld exist 
over a scale ofhundrcds of kilometers. This hypothesis 
was confim1cd by allozyme analysis wh.ich fi.1und a 
single fiordic population g,:neticaUy differentiated from 
five widely separated populations of E. chloro1icus 
around New Zealand (Mladenov ct al. 1997), suggest-
ing tbat dispersal is restricted in and out of the fiords. 
C. muricaia appears to be more highly differentiated 
across the same spatia.! scales {Skold ct al. , in prep.). 
J n thi, context, we investigated the genetic structure of 
fiordic populations of E. chforoticus and C muricata 
to assess the effects of physical and ecological marine 
barriers on 1hcir evolution. In thi.s study we focused 
on genetic differentiation observed using only allele 
frequency variations of nuclear microsatellite and mito-
chondrial DNA markers . 
2 METHODS 
2.1 Sample collection and DNA extraciion 
lnd.ividuals of Coscinasrerias muricara and Evechinus 
chloroiicus were collected by SCUBA diving during 
two research cruises in April 1998 and November 
.I 999 respectively. A total of 890 adults and 59 juve-
niles ofE. chloroticus and 463 adults and 20 juveniles 
(j) of C muricata were ,malysed in this study. About 
30 individuals per population were sampled in one and 
two sites per fio:rd for C. muricata and E. ch/omticus 
··., l j"" 
Fiordland.,-,,r .;, f 






.J/i Stirwart Island 
respectively (Fig. l). Several populations around 
New Zealand were chosen as outgroups (Fig. 1). 
DNA of C muricata \Vas ex1rnctcd from :frozen 
tube feet using the Chelex extraction method (\.Val.sh 
et al. 1991). 
.For£. chloroticus, tissue samples ,vere preserved 
as spine bases or muscle from the Aristotle lantern in 
a saline so.lution made of 20'% dimethyl sulfoxyde, 
0.25 M EDTA, saturated with NaCl , pJJ 8.0. Tissues 
were digested by action of250 µ.I of 2X CTAB buffer 
and 20 ~d of proteinase K (IO mgiml) (Sigma) left 
1.5 h at 65°C. Genomic DNA was extracted from the 
digest using chloroform: isoamyl alcohol (24 : 1 v/v, 
Ix) and precipitated in l00% ethanol and .181LI of 
3M. NaOAc and washed with 70% ethmiol. 
2.2 Microsatellite analysis: Evccliinus chlororicus 
Genetic diversity of .Evechinus chloroticus was 
assessed at six rnicrosateHite loci. Amplification and 
visualization by electrophoresis of the six loci were 
carried out as described in Perrin & Roy (2000). 
2.3 A1itoclumdriaf DNA analysis: 
Coscinas1erias muricata 
Primers CmD-LF (5 ' -CCGGGGGAGGGGGCAA-
CT-3') and CmD-LR (5'-'fACGAAAGGACCA-
GAAAAGCAGIA-3') were designed manually to 
amplify a 366 bp fragment of the D-loop region 








(Perrin et al., in prep.). Sequence variations of the 
D-ioop fragment were screened using single-strand 
DNA conformation po.!ymorphism (SSCP) analysis 
(Orita et al. l 989 ). 
One hundred pmol of each primer were labelled 
with 1.5 µl of r'3.tffp (2500 Ci/rnmol) by action of 
5 units of T4 PNK (Roche Diagnostics GmbH, 
Mannheim, Germany) in a solution ofT4PNK buffer 
lX of final concentration of50rnMTris-HCI (pH 8.2), 
l OmM M.gC12, 0. l mM EDTA, 5 mM dithiothreitol, 
0. l mM spermidine. 
D-loop fragments were amplified in l O µJ reaction 
mixture containing about 20 200 ng starfish DNA, 
0.2 mM of each dNTI{ 2.5 mM MgCl,, 10 mM Tris-
HCI (pH 8.3), 50 mM KC!, 0.5 µM of each y13ATP-
Jabelkd primer and 0.25 unit of7hq DNA polymerase 
(Roche Diagnostics GrnbH, Mannheim, Germany). 
PCR regime consisted of one cycle of denaturation 
at 94°C i<)r 4 min, followed by 35 cycles of l min at 
94'·'C, l min at 51 "C and .1 min at 72"C and finished 
by a last elongation of 10 min at 72"C using a PTC-
100 therma.l cycler (MJ Research). 
Ten µJ of denaturing solution (95'h, Formam.ide, 
20 mM EIHA pH 8, 0.05%, Bromophenol blue, 0.05% 
Xylene cyano!) was added to the PCR products, heat 
denatured for 5 min at 94°C and put immediately on ice. 
Denatured DNAs were run on a non-denaturing 
polyacrylamide gel consisting of 6%, 37.5: l bis/ 
acrylamide (Biorad Laboratories, Hercules California, 
US.A), 5% glycerol and 0.5 x TBE in 0.5 X TBE 
buffer at 4"C for 16 hrs at 10 W us.ing large format 
sequencing gel rigs. Haplotypes were visualized using 
autoradiography (Biomax film, Kodak). 
Some individuals of Coscinasterias muricata (3 
per haplotype) were chose.n to represent each haplo-
typc. The D-loop region of each chosen individual was 
cycfo sequenced \Vilh either CmD-LF or CmD-LR. 
Sequences were conducted using' Big-Dye cycle 
sequencing kit (Applied Biosystems) for automatic 
sequencing. Termination fragments were separated 
and read on an ABI377 automated sequencer. 
Sequences were aligned using ScqEd v 1.0.3 (Applied 
Biosystems). 
2.4 Data analy,es 
For both species, population genetic difforentiation 
among fiord populations was determined by estima-
tion of pairwise Wright's F-statistics (Wright 1969) 
using O (Weir & Cockerham 1984). All O values in 
this study were tested by permutations (1000 permu-
tations) using the program GENETIX (Belkhir et al. 
2000). 
Genetic structure of fiordic populations of each 
species was visualized by non-metric multidimen-
sional scaling (MDS) (PRIMER v5, Clarke et al. 
2001) using the pairwise matrix of Nei's genetic 
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distance (Nei 1972, Nci 1987, program GENDIST in 
PHYUf>. Fclsenstein ct al. l 993 ). 
The non-metric MDS algorithm is an iterative pro-
cedure, constructing the MDS plot by successively 
refining the positions or the points until they satisfy, 
as closely as possible, the similarity relationship 
between samples (Clarke & Warwick 1994). The fit 
of the data in two dimensions is measured by the 
stress factor. MDS makes minimal assumptions about 
the distribution of the data and has a greater ability to 
represent more complex relationships accurately in 
low-dimensional space, in our case a high number of 
pairwise comparisons, For low stress, the Iv!DS ordi-
nation is probably a more usefol representation than a 
cluster analysis (Clarke & Warwick J 994). 
3 RESULTS 
Overall genetic diversity of the microsateHite loci for 
Evechinus chloroticus and the D-loop region for 
Coscinasterias m11ricata among the fiords arc 
described in Table 1 and 2 respectively, 
For Coscinasterias muricata, no sequence variation 
among the three individuals representing each hapk1-
type was observed. No private allele to some fiord 
was fr1und in both species. All O values were produced 
only by frequency differences. 
Table I. Clrnrncteristics of six Ew:chinus chluroticus 
microsatellite loci among ffordland. 
Locus No. of alleles Ho HE 
C29 13 0.71 0.76 
Cl 29 0.89 0.93 
Al} 5 0.06 0.06 
B14 9 0.22 0.32 
G29 JO 0.72 0.73 
t\34 l8 0.87 0.88 
Total 14 0.58 0.61 
H0 and HE are observed 1.md expected heterozygosities, 
respectively, calculated with GENETIX 4.1 (Belkhir ci al. 
1996). 
'Iablt1 2. Characteristics of ('oscinusierias muricata mito-
chondrial D-loop region among fiordland. 
No. of No. of 
Locus alleles llio:c n polymorphic siies 
D-.loop 26 0.81 ().{)03 21 
HEc: expected heterozygosiiics calculated with GENFTlX 4. l 
(Belkhir et al. 1996) and corrected t\'.,r haploid data Uh, 
Hf! (2n -· I )!(2n - 2)). fl: nucleotide diversity (lajima 









Genetic differentiation amongst 
populations of the sea urchin 
Evechinus chloroticus and the sea star 
Coscinasterias muricata in New 
Zealand's fiords 
Cecile Perrin, Michael S. Roy and Stephen S. Wing 

















Figure 2. O values (Weir & Cockerham 1984) bet.ween Stewart Island and Fiordic sites; T: Significant values after 1000 per-
mutations. L\: non significant values . 
Figure 3. Evechinus chlorolicus. Multi-dimensiona) sc,1ling (MDS) of the Nei distance matrix (Nci 1972) between pairs of 
populations ,ind its associated stress value. p: proportion of vah1es larger or equal to observed value after I 000 permutations. 
pairwise permutation test between Inner and Outer/Intermediate sites using PAIRWISE TEST (PRIMER v5, C!.arke et al. 
2001). 
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For both species, estimated O values between pop-
ulations from North Island and fiordic populatious 
were significantly different from zero. 
Significant pairwise comparisons between fiordic 
populations and the closest outgroup, Stewart Island 
arc shown hy black triangles on Figure 2. 
For Evechinus chloroticus, the MDS revealed that 
outer popu lations were genetically differentiated 
from inner s ites (Fig. 3). 
Within each group, no or low genetic differentia-
tions among populations were observed without any 
geographic pattern (Table 3). 
For Coscinasterias muricata, MDS of genetic dis-
tance data suggested North to South clinc (Fig. 4). 
"fable 3. 0 values (Weir & Cockerham 1984) among fiordic 
sites. 










*"'": p < 0.001 . 
Coscinasteri11s 
nu;rictita 
........ ___ _ 
O.l579*M 
Some high and significant genetic differences 
between populations were observed, suggesting isola-
tion of some fiordic populations of C. muricata 
(Table 3) . 
4 DISCUSSION 
.Fiord populations of both species were genetically 
different from North Is.land populations, and frnrn the 
Stewart Island population (Fig. 2), suggest ing that 
the fiords do differ genetically from the rest of 
New Zealand. 
4.1 Evedzinus chloroticus 
For Evechinus chloroticus, the presence of two d iffer-
ent groups of sea urchin populations in the fiords was 
revealed (Fig. 3). One group included intermediate 
and iuncr populations and the other outer population;; . 
No significant genetic differentiation was observed 
within these tw(> groupings (Table 3). Two non exclu-
sive hypotheses could explain this pattern , a h.istori-
cal/hydrological hypothesis acting on larval transport 
and an ecological hypothesis acting on fitness . 
These data arc consistent with a scenario of an 
initia l colonization of the fiords at the end of the last 
glacial period followed by limited larval ex.change 
with outer coast. Since then outer sites have remained 
Figure 4. Coscinasterias muricara. r-.,fo]ti-dimensional scaling (MDS) of the. Nei <listanc(, rni1trix (Nci 1987) bet ween pairs 













isolated from the inner sites. In support of this, a size-
structured metapopulation model coupled with a 
three-dimensional hydrodynamic model of Qoubt:ful 
Sound (Wing et al., in prep.) has suggested that larvae 
are likely to be retained in natal fiords due to influence 
of estuarine circulation on larval tnmsport patterns. 
Further it has been demonstrated that populations liv-
ing ou1sid,! ofthe entrances of the fiords are more sub-
ject to larval loss to the open coast from strong coastal 
advective processes. \Ve might predict that these larvae 
fail to enter the fiords and that outer sites have contin-
uously exchanged larvae with outer coast populations 
around Nevi Zeahmd thereby producing the genetic 
difforcntiation \Ne have observed in this analysis. 
No genetic differentiation was observed among 
inner sites despite the hypothetical lack of gene flow. 
This suggests a recent and unique colonization of the 
fiords leaving insufficient time for populations to dif~ 
forcntiate through genetic drift. This hypothesis ha~ 
been proposed to explain patterns of differentiation 
observed in allozyme studies of other species in the 
fiords (the black coral Antipathes fiordensis, Miller 
1997, the brnchiopod 1erebratella san:.,'1,linea, Ostrow 
et al. 2001). 
Alternatively, populations may have become dif-
ferentiated due to local selection regimes. Fiords are 
largely influenced by freshwater input resulting in 
strong environmental gradients along them. The. 
observed .genetic difterence btitwecn inner and outer 
popu.!ations with no or low genetic differences within 
each grouping found in this study may therefore be a 
direct result of local adaptation of ::;ea urchin popula-
tions amongst these habitats without any rest1iction in 
gene flow. 
Investigating these and other potential processes 
for the observed pali.erns will be the focus or our 
future work. 
4.2 Coscinasterias muricata 
For Coscinasterias muricara. the observed genetic 
differences among fiords sites suggested limited gene 
flow amongst fiords, perhaps due to .isolation by dis-
tance. This hypothesis has not yet been tested. 
Nevertheless, strong correlation between genetic au<l 
geographic distance is not expeGted due to the com-
plex nature of physical barriers such as estuarine cir-
culation nr oceanic currents in this environment. 
4.3 Comparison Evechinus chloroticus-
Coscinasreria.t muricata 
Higher level of genetic <liffore.niiation was found 
among C. muricata than E. chloroticus populations 
(Table 3). This could be explained by the fact that 
C. muricata occur only at inner sites which decreases 
larval exchange with outer coast and other fiords. 
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Furthermore, the two species were not analyzed ,vith 
the same type of marker. Higher genetic differentia-
tion is expected with mitochondrial markers since they 
are mo.re prone to genetic drift, .reducing the power of 
inforeneti in this comparison. 
5 FUTURE RESEARCH 
Genetic distribution of Evechinus chloroticus will be 
correlated with hydrographic and eco.logical charac-
teristics of each site using a hydrographie model and 
a GIS visualiz.ation of the fiords. 
A mitochondrial DNA study of the sea urchin will 
be used to confirm the pattern found in this study and 
to further analyze different hypotheses. 
Genetic composition of larval poo.ls and their 
recruitment will be studied in some fiords. 
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